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Plants and plant-derived products contain a plethora of phenolic compounds, with a broad 
range of health benefits and useful applications such as in drug design. These phenolic 
compounds are often amplified by conjugation and rearrangements, thus producing isobaric 
and isomeric species. The standard analytical method for the identification and 
characterization of plant phenolics, liquid chromatography (LC) hyphenated to photo diode 
array (PDA) and/or high-resolution mass spectrometry (HR-MS) detectors, is not able to 
discriminate isomeric species in complex plant samples. The incorporation of ion mobility 
spectrometry (IMS) to LC-PDA-HR-MS workflows is being recognized as an additional 
orthogonal dimension of separation to HR-MS; where ions are separated through a drift region, 
filled with gas, based on their size, shape, and charge. The attractive component of IMS is the 
determination of the collisional cross section (CCS/Ω) values, which describes the unique 
rotationally averaged surface area of the ion, as it interacts and travels through the gas-filled 
drift region. The CCS as a feature, can be beneficial in the development of an in-house 
phenolics compound library in analytical laboratories, which can help expedite the 
characterization of phenolic compounds in varying research fields, such as in plant 
metabolomics and food science.  
The goal of the work reported in this thesis was, therefore, to develop LC-PDA-IM-HR-MS 
methods capable of structurally characterizing plant phenolics, found in South African 
indigenous herbal teas and plant species, based on a range of structural descriptors (e.g., tR, 
spectroscopic data, mass spectral information (including high resolution and MS/MS data), 
and CCS value). In the first part of the study, the phenolic profiles of Protea pure and hybrid 
cultivars were characterised by LC-PDA-IM-HR-MS for the first time in detail. Whereby, IMS 
in conjunction with other structure elucidation techniques, namely tandem MS data, UV-vis 
spectroscopy, nuclear magnetic resonance (NMR) were used for characterization of 67 
metabolites. With the aid of NMR an undescribed hydroxycinnamic acid-polygalatol ester, 
caffeoyl-O-polygalatol (1,5-anhydro-[6-O-caffeoyl]-sorbitol(glucitol)) was isolated and 
characterised for the first time. Furthermore, positional isomers with similar MS/MS profiles 
were resolved by the IMS-dimension and consequently could be distinguished by their 
differences in CCS values. The CCS values obtained using two IMS platforms (drift-time ion 
mobility spectrometry (DTIMS) and travelling wave IMS (TWIMS)) were compared, and it was 
observed that the CCS values obtained with a TWIMS instrument were underestimated for 
compounds with CCS values below 200 Å2. Conversely, good agreement was obtained 
between both instruments for compounds with higher CCS values. Poor calibration of the 
TWIMS platform was attributed to the underestimation of the CCS values below 200 Å2.  




In the second part of the study, a detailed comparison of phytochemical profiles of a much 
larger set of Protea species, selections, and cultivars was reported. Using metabolomics tools 
and the data collected and documented (in the previous study) of phenolic compounds 
characterised based on their UPLC-PDA-IM-HR-MS profiles, plant metabolites associated 
with a post-harvesting disorder, leaf blackening, in Protea were identified/and annotated. 
Species, selections, and cultivars susceptible to leaf blackening contained features identified 
as benzenetriol- and/or hydroquinone-glycoside derivatives. On the other hand, stems not 
prone to blackening were linked to phenolic compounds with known protective properties 
against biotic and abiotic stressors. CCS values of the metabolites with protective features 
against leaf blackening, and those for compounds that instigate the process, were determined. 
Such observations serve as preliminary insights that can help accelerate plant improvement 
and aid in the selection of trait-specific markers in plant metabolomics.  
 
In the final portion of the study, using direct injection-IM-MS (DI-IM-MS) and descriptive 
chemometrics, differences between adulterated herbal teas (rooibos and honeybush) were 
observed. The diagnostic value of marker compounds in distinguishing the three 
commercialised honeybush species (Cyclopia intermedia, C. genistoides and C. subternata) 
for the quality control purpose were observed. To derive CCS values using the TWIMS 
instrument two calibrants, poly-DL-alanine and poly-L-malic acid, were compared. Poly-DL-
alanine is a widely used TWIMS calibrant which results in an underestimation for compounds 
with CCS values below 200 Å2 (initial study), when compared to poly-L-malic acid an 
improvement in the underestimation of CCS values below 200 Å2 was observed. DI-IM-MS 
proved to be a useful tool for quality control purposes, particularly considering the analysis 
time is 1 minute per sample. 
  





Plante en plantaardige produkte bevat 'n magdom van fenoliese verbindings, met 'n wye 
verskeidenheid gesondheidsvoordele en ander nuttige toepassings byvoorbeeld die 
ontwikkeling van geneesmiddels. Hierdie fenoliese verbindings word dikwels verander deur 
konjugasie en herrangskikkingsreaksies, en sodoende word isobariese spesies en isomere 
gevorm. Die standaard analitiese metode vir die identifisering en karakterisering van 
plantfenole, vloeistofchromatografie (LC) wat aan fotodiode-reeks (PDA) en / of hoë-resolusie 
massa spektrometrie (HR-MS) detektore gekoppel is, kan nie altyd isomere in komplekse 
plantmonsters onderskei nie. Die integrasie van ioon mobiliteit spektrometrie (IMS) in LC-
PDA-HR-MS- werkstrome word erken as 'n aanvullende ortogonale dimensie van skeiding vir 
HR-MS; waar ione geskei word deur 'n dryfgebied, gevul met gas, gebaseer op hul grootte, 
vorm en lading. Die voordeel van IMS is die bepaling van die botsingsdeursnee (CCS / Ω) 
waarde, wat die unieke rotasiegemiddelde oppervlakarea van die ioon beskryf. CCS is 
voordeling vir die ontwikkeling van 'n biblioteek met fenoliese verbindings in analitiese 
laboratoriums, wat kan help om die karakterisering van fenoliese verbindings in verskillende 
navorsingsvelde, soos plantmetabolika en voedselwetenskap, te vergemaklik.  
Die doel van die werk wat in hierdie proefskrif oor verslag gedoen word, was dus om LC-PDA-
IM-HR-MS-metodes te ontwikkel wat in staat is om die strukture van plantfenoliese stowwe, 
wat in Suid-Afrikaanse inheemse kruietees en plantspesies voorkom, te karakteriseer 
gebaseer op 'n reeks strukturele beskrywers (bv. tR, spektroskopiese data, massa spektrale 
inligting (insluitend hoë resolusie en MS/MS data) en CCS waarde). In die eerste gedeelte 
van die studie is die fenoliese profiele van Protea suiwer en baster kultivars vir die eerste keer 
in detail gekarakteriseer deur LC-PDA-IM-HR-MS. Waarvolgens IMS saam met ander 
struktuur-opklaringsstegnieke, naamlik tandem MS data, UV-vis spektroskopie, 
kernmagnetiese resonansie (NMR) gebruik is vir die karakterisering van 67 metaboliete. Met 
behulp van NMR is 'n onbeskrewe hidroksie kaneelsuur-poligalatolester, kaffeoïel-O-
polygalatol (1,5-anhidro-[6-O-kaffeoïel]-sobitol(glukitol) geïsoleer en vir die eerste keer 
gekarakteriseer. Verder is posisionele isomere met soortgelyke MS/MS-profiele geïdentifiseer 
deur die IMS-dimensie en kan gevolglik onderskei word deur hul verskille in CCS-waardes. 
Die CCS-waardes wat verkry is met behulp van twee IMS-platforms (dryftyd ioon mobiliteit 
spektrometrie (DTIMS) en bewegende golf-IMS (TWIMS)) is vergelyk, en daar is waargeneem 
dat die CCS-waardes wat met 'n TWIMS-instrument verkry is, onderskat is vir verbindings met 
CCS-waardes onder 200 Å2. Andersins is goeie ooreenkoms tussen beide instrumente verkry 
vir verbindings met hoër CCS-waardes. Swak kalibrasie van die TWIMS-platform is toegeskryf 
aan die onderskatting van die CCS-waardes onder 200 Å2.  




In die tweede deel van die studie word 'n gedetailleerde vergelyking van fitochemiese profiele 
van 'n veel groter stel Protea-spesies, seleksies en kultivars gerapporteer. Met behulp van 
metabolomika-tegnieke en die data wat versamel en gedokumenteer is (in die vorige studie) 
van fenoliese verbindings op grond van hul UPLC-PDA-IM-HR-MS-profiele, die 
plantmetaboliete wat verband hou met 'n na-oes probleem, blaarverswarting in Protea, 
geïdentifiseer/en geannoteer. Spesies, seleksies en kultivars wat vatbaar is vir 
blaarverswarting bevat benseentriol- en / of hidrokinoon-glikosiedderivate. Daarteenoor bevat 
stingels wat nie geneig is tot verswarting nie, weer meer fenoliese verbindings met bekende 
beskermende eienskappe teen biotiese en abiotiese stresfaktore. CCS-waardes van die 
metaboliete met beskermende eienskappe teen blaarverswarting, en die waardes vir 
verbindings wat die proses begin, is bepaal. Sulke waarnemings voeg waarde toe tot 
bestaande inligting wat kan help om plantverbetering te versnel en te help met die keuse van 
eienskapspesifieke merkers in plantmetabolomika.  
In die laaste gedeelte van die studie, is daar met behulp van direkte inspuiting-IMS (DI-IM-
MS) en chemometrie, is verskille waargeneem tussen vervalsde kruietee (rooibos en 
heuningbos). Merkerverbindings om tussen die drie kommersiële heuningbosspesies 
(Cyclopia intermedia, C. genistoides en C. subternata) te onderskei is waargeneem. Om CCS-
waardes met behulp van die TWIMS-instrument af te lei, is twee kalibrante, poli-DL-alanien 
en poli-L-appelsuur, vergelyk. Poli-DL-alanien is die algemeen gebruikte TWIMS kalibrant wat 
lei tot 'n onderskatting van verbindings met CCS waardes onder 200 Å2 (aanvanklike studie), 
in vergelyking met poly-L-appelsuur, 'n verbetering in die onderskatting van CCS waardes 
onder 200 Å2. DI-IM-MS blyk 'n nuttige hulpmiddel te wees vir doeleindes van gehaltebeheer, 
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Chapter 1: General Introduction and Objectives 
  




1.1. General Introduction  
Plants produce a collection of diverse metabolites which vary in structure and biosynthetic 
origin. These metabolites can be classified as either primary or secondary metabolites.1 Primary 
metabolites are responsible for the growth, development, and reproduction of the plant; whereas 
secondary metabolites are produced to facilitate interactions between the plant and its 
environment.1 The most common secondary metabolites are phenolic compounds, which 
comprise of flavonoids and non-flavonoid classes. Phenolics contribute favorably to the human 
diet and the sensory properties of a range of plant-derived commodities, thus their comprehensive 
identification in food, beverages of plant origin, and medicinal plants has become important, 
particularly when in search of new biologically active metabolites.  
Liquid chromatography (LC) hyphenated to photo diode array (PDA) and/or mass spectrometry 
(MS) detectors have become the standard analytical method for the identification and 
characterization of plant phenolics.2–4 However, the complexity of phenolics poses an undisputed 
analytical challenge; as these metabolites have underwent chemical modification processes such 
as isomerisation and conjugation which hamper LC resolution and, in some cases, produce 
identical/similar MS/MS spectra.5–10 For instance, biologically active phenolic acids collectively 
referred to as chlorogenic acids (CGAs), which are esters of quinic acid and hydroxycinnamates 
(i.e. caffeic acid, p-coumaric acid and/or ferulic acid), exist as both positional (regio-) and 
geometrical isomers within plants.7,10 Although improved chromatographic separation may be 
obtained using ultra high-performance LC (UPLC) or multidimensional LC systems, the biggest 
challenge has been the ability to distinguish isomers using high-resolution MS (HR-MS) and/or 
tandem MS (MS/MS). Thus, reliable-standardised analytical methods need to be put in place for 
the characterization of such plant phenolics. Methods capable of rapidly separating and detecting 
plant phenolics, particularly isomeric and isobaric compounds in complex plant samples.  
The post-ionisation coupling of ion mobility spectrometry to MS (IM-MS) has become an 
attractive instrument for the separation and detection of such structurally similar metabolites.11–14 
During ion mobility analysis, ions drift through a gas (helium or nitrogen) filled chamber using a 
weak electric field and separated based on the ions size, shape and charge. This allows ions to 
be separated beyond their mass-to-charge ratio (m/z). The recorded drift time/mobility (in 
milliseconds) is then converted into the collisional cross section (CCS/Ω) value, which describes 
the physicochemical property of the ion travelling through the drift region.11,12,15,16  
There are varying ion mobility methods, with the time-dispersive platforms - drift-time ion 
mobility spectrometry (DTIMS) and travelling wave IMS (TWIMS) - being the most commercially 




used IMS platforms in omics and natural product research. Of the two IMS platforms, DTIMS are 
capable of directly measuring CCS values. Whereas, TWIMS instruments require calibration 
using molecules with known CCS values under defined conditions to derive experimental CCS 
values of unknowns.17,18 
The CCS value obtained is unique for each ion as it reflects interactions between the ion and 
the neutral buffer gas, and from these interactions chemical structural and three-dimensional 
conformational information are inferred. Hence, isobaric and isomeric phenolics will interact 
differently with the buffer gas and provide different CCS values, thus leading to their enhanced 
separation identification. Coupling IMS to LC-HR-MS (MS/MS) workflows provides 
complementary information, and will allow species to be characterised based on an range of 
complementary descriptors (e.g. retention time (tR) , accurate mass information, tandem MS, drift 
time and related CCS values) which will help increase molecular information content and 
specificity in the structural identification of phenolic compounds.19–30 Thus, decreasing the number 
of false and positive identifications which are often obtained when analysis is based only on 
accurate mass and/or tR.31 
Such structural information (e.g., tR, mass spectral information (including high resolution and 
tandem MS data), spectroscopic data and CCS value) can be beneficial in the development of an 
in-house phenolics compound library in analytical laboratories, which can help expedite the 
characterization of phenolic compounds in natural product research and other research involving 
phenolic compound characterization.  
1.2. Aim and objectives 
The aim of the study is to design improved liquid chromatography-photodiode array-ion 
mobility-high resolution mass spectrometry (LC-PDA-IM-HR-MS) methods capable of structurally 
characterizing plant phenolics, for a wide range of natural products of importance in South Africa, 
such as indigenous herbal teas and indigenous plant species. The characterization of phenolics 
based on a range of structural descriptors can be beneficial in varying research fields, such as in 
plant metabolomics and food science.  
To achieve this, the following objectives were formulated: 
OBJECTIVE 1: Extraction of phenolic compounds from natural products (Protea species and 
cultivars, and herbal teas (rooibos, and honeybush)).  




OBJECTIVE 2: Optimization of robust UPLC-PDA-IM-HR-MS and IMS methodologies capable of 
separating different classes of plant derived phenolics.  
OBJECTIVE 3: Data collection and the documentation of phenolic compounds characterised 
based on their UPLC-PDA-IM-HR-MS profiles, whereby the incorporation of CCS values to LC-
MS workflows will 1) expedite the characterization of phenolic compounds in natural product 
research, 2) improve metabolite identification confidence in plant metabolomics, 3) assist in the 
use of phenolic compounds as markers to aid in the differentiation of plant species from the same 
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Chapter 2: Literature Review  
  




2.1. Natural compounds: An overview 
Natural products have been used by humanity for centuries, and since the first isolation of 
morphine more than 200 years ago, isolated natural products have been a consistent source of 
new drug molecules.1 The relative success of natural products in drug discovery stems from their 
versatile chemical structures and physiological targets, allowing them to be effective for a range 
of potential clinical uses.2  
Often sparking confusion, the terms natural products and secondary metabolites are used 
interchangeably.3–5 Secondary metabolites refer to chemical compounds that are not directly 
linked to the development, normal growth and the reproduction of the organism but are produced 
as a response to the organism’s interaction with the environment.3 Based on their biosynthetic 
origin, plant secondary metabolites include phenolics (flavonoid and non-flavonoids), alkaloids 
and terpenoids (such as saponins, steviol glycosides, etc.).6,7 Whereas microbial secondary 
metabolites are classified as peptides, polyketides, alkaloids, lipids, and terpenes.8–10 Some 
secondary metabolites such as terpenoid derivatives, carotenoids11 and saponins,12,13 are found 
both in terrestrial and marine sources. For the purpose of this work, we will be discussing plant 
secondary metabolites, specifically phenolic compounds.   
 
2.2. Phenolic compounds  
Phenolic compounds are biosynthesised from the shikimate-phenylpropanoid-flavonoid 
pathways.14 These structurally diverse chemical compounds, range from single aromatic 
compounds to multi-ringed compounds, and are classified based on the number and arrangement 
of their carbon atoms (Table 2.1).7 Phenolic compounds are revered for their purported biological 
activities, ranging from anti-inflammatory15 to anti-cancer16 properties. As stated above, phenolic 
compounds can be grouped into two classes: flavonoids and non-flavonoids and can exist as 
aglycones or conjugated to sugar derivatives. 
2.2.1. Non-flavonoids 
Non-flavonoids can further be divided into two main groups of dietary significance, whereby a 
benzene ring is attached to a carboxyl group to produce phenolic acids (C6–C1), or 








Table 2.1: Generic structures of phenolic and polyphenolic compounds (hydroxyl groups not 
shown). Reprinted with permission from Crozier et al. 7 
 
 
2.2.1.1. Phenolic acids  
Phenolic acids are also referred to as benzoic acids or hydroxybenzoates and produced 
through the shikimate pathway.7,16 The most widely distributed of phenolic acids being gallic, 




protocatechuic, vanillic, and syringic acids.16 Gallic acid is the most prominent phenolic acid due 
to its role in the biosynthetic production of hydrolysable tannins (grouped into gallotannins and 
ellagitannins).7 The industrial applications of hydrolysable tannins in leather making and their 
contribution to the sensory properties (i.e. astringency) of tea and wine, highlight the importance 
of tannins.7  
2.2.1.2. Hydroxycinnamic acids  
Hydroxycinnamic acids are synthesised from the phenylpropanoid pathway, resulting in a 
range of hydroxycinnamates; p-coumaric acid, caffeic acid and ferulic acid.7 These 
hydroxycinnamic acids form conjugates with organic acids (Figure 2.1) such as 1) tartaric acid 
resulting in derivatives such as caftaric acid17 and dicaffeoyltartaric acid (L-chicoric acid),18 2) 
isocitric acid producing derivatives such as caffeoylisocitric acid19 and, 3) quinic acid forming a 
class of compounds collectively referred to as chlorogenic acids17 (e.g. caffeoylquinic acid, and 
dicaffeoylquinic acid). Furthermore, hydroxycinnamic acids can form conjugates with amino acids 
(producing caffeoylated amino acids such as clovamide)20 and esters with sugar derivatives.  
 
Figure 2.1:Structural representation of hydroxycinnamate (HCA) conjugates. Reprinted with 
permission from Crozier et al.7  
 




2.2.2. Flavonoids  
Flavonoids are the most ubiquitous compounds in the plant kingdom with varying structures, 
consisting of fifteen carbons distributed between two aromatic rings (A- and B-ring; Figure 2.2) 
which are connected by a three-carbon cyclic bridge (C-ring), C6-C3-C6.21 Flavonoids can be 
divided into a variety of classes such as flavonols (e.g. quercetin), flavones (e.g. luteolin), flavan-
3-ols (e.g. catechin), anthocyanidins (e.g. cyanidins), flavanones (e.g. hesperetin), and 
isoflavones (e.g. biochanin A) (Figure 2.2).7,21 
 
Figure 2.2: Generic structures of the flavonoids.  
 
2.3. Analyses of plant secondary metabolites 
Due to their vital role in the discovery of drug candidates,22 the identification of plant secondary 
metabolites in what are often highly complex matrices is of paramount importance in the search 
for new biologically active compounds. In this endeavour, advanced analytical methods based on 
high resolution liquid- or gas chromatographic separation and/or mass spectrometric (LC- or GC 
and/or MS) detection are playing an increasingly important role, especially in screening analyses 
prior to isolation and structural elucidation by nuclear magnetic resonance (NMR).23 Modern GC 
on high-efficiency capillary columns offer excellent performance for complex samples, with 




noteworthy developments in sample preparation, comprehensive two-dimensional GC 
(GC×GC)24 and detectors.25,26 On the other hand, significant recent developments in HPLC, 
including the use of ultra-high pressures,27 core-shell particles28 and comprehensive two-
dimensional LC (LC×LC)29 have revolutionised the field and have played an important role in 
improving the performance of the technique for complex samples.  
In the field of natural product analysis, however, advances in MS have arguably overshadowed 
those in chromatographic separations. Nowadays, exceptionally powerful high resolution and 
multi-stage MS instruments capable of a range of acquisition modes for different analysis goals 
are commercially available, and indeed are essential tools in any natural product laboratory.23,30 
Considering that the majority of natural products are non-volatile, state-of-the-art LC-MS has 
played an important role in the improvement of screening analyses of natural products.31–35  
The availability of high resolution (HR) MS data allows determination of analyte molecular 
formulae, whereas tandem MS (MS/MS) instruments deliver fragmentation information essential 
for tentative identification purposes, the latter often acquired in data dependent acquisition (DDA) 
mode for complex unknown samples. Moreover, data-independent acquisition (DIA) strategies 
can be used to acquire both low- and high collision energy data (MSE) in a single chromatographic 
run36,37 at the expense of selectivity. These technologies greatly facilitate the tentative assignment 
of compounds in complex natural product extracts.  
Nevertheless, chromatographic methods hyphenated to MS also show some limitations for 
natural product analysis. The complexity of biological matrices means that chromatographic 
resolution of all compounds is virtually impossible to attain, an important consideration especially 
in LC-MS, where mass spectra of natural products are often very similar for a given compound 
class and considering the susceptibility of electrospray ionisation (ESI) to matrix effects. Further 
analysis challenges include isomerisation encountered in biological samples.38,39 For instance, 
hydroxycinnamic acids, such as caffeic acid, are understood to be synthesised in the trans- 
configuration by the phenylpropanoid pathway40 however, these compounds readily convert to 
the cis-form when exposed to UV-light, thus the trans- and cis-geometry both exist in the 
chromatographic space.40,41 In some cases, the trans-form results in three cis-isomers upon UV-
irradiation, further complicating the chromatographic space.41–43 Relying on the elution order has 
also been suggested,41,44 however, notably the elution order is influenced by the column matrix.44 
Geometrical isomers of plant secondary metabolites were previously understood to exist in 
low/undetectable quantities and were thus considered to be biologically insignificant.40 Some 
studies have noted, however, a prominence of these isomers in plant tissues that have been 




exposed to the sun’s UV rays,45 possibly due to environmental changes. A natural occurrence of 
these geometrical isomers has also been highlighted.46 This has prompted inquiry into the 
biological importance of cis-isomers, with significant bioactivity being attributed to the cis-
forms.43,47,48 The identification of these geometrical compounds using MS has proven to be 
challenging as these metabolites produce similar/identical tandem MS spectra. For instance, the 
isomeric constituents of Cannabis sativa (cannabis) are noted to produce the same MS/MS 
spectra but contrasting psychological effects.38,39  
HR-MS instruments can mostly resolve isobaric compounds, but cannot differentiate isomers 
in most cases, necessitating long chromatographic runs to aid in their separation. This has driven 
efforts aimed at developing analytical methods capable of rapidly separating and detecting 
isomeric secondary metabolites.42,49  
It is partially in the context of these limitations that the integration of ion mobility spectrometry 
(IMS) with MS has become such an appealing technology for the separation and detection of such 
structurally similar compounds.50–52 IMS can be thought of as a form of gas-phase electrophoresis, 
whereby ions are separated based on their mobilities through a region filled with a buffer gas 
(typically either helium or nitrogen) under the influence of an electric field. The mobility of the ion 
is based on their physical properties (charge, size, and shape), with ions of lower masses (m/z) 
and/or more compact structures characterised by faster mobilities than larger and/or bulkier ions. 
For this reason, the application of IMS in complex biological samples allows the qualitative 
separation of biomolecules of different classes (Figure 2.3), with compact structures such as 
oligonucleotides having shorter drift times and stretched out compounds like lipids eluting from 
the drift cell later. Resulting in the increased application of IM-MS and LC-IM-MS in different 
biological fields.53–67 Where the post-ionisation coupling of IMS to MS along with front-end 
separation techniques (like LC), allows species to be characterised based on an array of 
complementary descriptors (e.g. retention time, accurate mass information, tandem MS, and drift 
time) which helps increase molecular information content and specificity in structural 
identification.56,57,65–74 A further benefit of IMS is that an ion’s mobility can be converted to its 
collision cross section (CCS), a measure of an ion’s average surface area. As different ions 
interact differently with the buffer gas, the incorporation of the IMS dimension to LC-HR-MS 
workflows provides additional structural information, which can help expedite the characterization 
of unknown isomeric compounds, particularly in untargeted workflows, such is the case in the 
omics era.73,75–77   
 





Figure 2.3: The application of IMS in complex biological samples allows the qualitative separation 
of biomolecules of different classes. Ions are separated based on their physical properties, 
oligonucleotides will transverse the IMS drift cell faster due to their compact nature, while lipids 
are slowest due to their rigid linear backbone. Reprinted with permission from Burnum-Johnson 
et al.50 
2.3.1. Ion mobility spectrometry (IMS) techniques and instrumentation 
The origins of IMS can be traced back to X-ray experiments in the late 19th century.78 The 
technique, referred to as plasma chromatography79,80 and ion chromatography81 in early literature, 




only found extensive analytical application since the 1970s following instrumental developments, 
including the hyphenation of IMS to MS from the early 1960s.82 A major application area of IMS 
was (and remains) in security analyses, such as for the detection of chemical warfare agents, 
explosives, and drugs.83,84 IMS was explored in biological research in the mid-1980s,85 but it was 
only from the 1990s, when significant advances in both IMS and MS instrumentation coincided to 
drastically improve performance, that a resurgence in IMS applications occurred, mostly focusing 
on the analysis of biomolecules such as peptides and proteins.86–89 The next decade saw the 
genesis of home-built IM-MS instruments,90,91 a process continuing in recent years,61,92–100 
followed by the commercial availability of a travelling wave IM-MS instrument in 2006,101 a drift 
tube IM-MS instrument in 2014,78 a trapped IM-MS instrument in 2016102 and in 2019 a cyclic IMS 
instrument.103 
2.3.1.1. IMS platforms 
According to the classification introduced by May and McLean, IM-MS instruments can be 
grouped based on their operational principles into time-dispersive, space-dispersive or ion 
confinement with selective release systems (Figure 2.4).78 Time-dispersive techniques generate 
an arrival time spectrum reflecting the flow of ions past a specific location in the instrument. Drift 
tube IMS (DTIMS) and travelling wave IMS (TWIMS) devices are common time-dispersive 
platforms, where ions are directed through a stationary buffer gas. These techniques primarily 
differ in the applied electric field, which is a weak constant field in the case of DTIMS79 and an 
oscillating electric field in the case of TWIMS.92 Time-dispersive instruments allow all ions to be 
analysed simultaneously, and have found widespread application in untargeted omics 
approaches75,76,78,104,105 as well as for targeted analyses in food and natural product 
research39,66,73,106–110. In ion confinement and selective release methods, such as trapped ion 
mobility spectrometry (TIMS), ions are trapped in position against a flow of buffer gas using an 
electric field, and released according to their mobilities as the electric field is incrementally 
decreased.111,112 In space-dispersive platforms such as field asymmetric IMS (FAIMS; also known 
as differential mobility spectrometry (DMS) or differential IMS (DIMS)) and the differential mobility 
analyser (DMA), an electric field and carrier gas flow are used to direct ions of different mobilities 
along different drift paths, resulting in their separation in space.83,111  





Figure 2.4: The five most common IMS platforms, which separate ions either in a time-dispersive 
(DTIMS and TWIMS), space-dispersive (FAIMS and DMA) or ion confinement with selective 
release (TIMS) manner. Reprinted with permission from Dodds and Baker.111  
 
2.3.1.2. IM-MS instrumentation configurations 
Commercial instrumentation from different manufacturers, ranging from portable devices to 
MS imaging instruments and systems incorporated in high-end mass spectrometers,111,113 are 
available nowadays. A simplified generic schematic of an IMS-MS instrument is shown in Figure 
2.5A. Most ionisation sources, as well as ambient ionisation techniques, can be used in 
combination with IMS, with the most common being ESI and matrix-assisted laser 
desorption/ionisation (MALDI). Similarly, most mass analysers have been combined with IMS, 
although time-of-flight based mass spectrometers (TOF) and quadrupole-TOF, (q-TOF) are 
mostly employed due to their fast duty cycles.114 For tandem MS systems incorporating IMS, three 
configurations are possible, depending on the relative positions of the collision and IMS cells, i.e. 
where collision induced dissociation (CID) is performed.84,115 Firstly, fragmentation can precede 
IMS separation if the collision cell is located before the IMS drift region (pre-mobility 
fragmentation), where mobility measurements are acquired for produced fragment ions (and 
unfragmented precursor ions). Secondly, in post-mobility fragmentation, fragmentation occurs 
after IMS separation and fragment ions have arrival times that align with their parent ions. This 
mode of operation is common in DTIM-MS instruments due to manufacturer’s design.114 Lastly, a 
combination of both modes of operation, termed time-aligned-parallel (TAP) fragmentation, is 
possible using commercial TWIM-MS instruments.32,116 Here fragmentation occurs both before (in 
the trap ion guide) and after (in the transfer ion guide) the IMS separation (i.e. CID-IMS-CID) to 
produce ‘MS3’ data117 (Figure 2.5B). First generation fragment ions are separated by IMS, while 




second generation ions share their arrival times. Incorporation of in-source fragmentation may be 
used to produce ‘MS4’ spectra to discriminate between co-eluting isobaric compounds.57  
 
Figure 2.5: A simplified schematic of an IMS-MS instrumental configuration A). Depending on 
manufacturer design, fragmentation can occur before or after IMS separation. On a commercial 
TWIMS instrument, fragmentation can occur before and/or after IMS separation; the time-aligned-
parallel (TAP) procedure is illustrated where fragmentation occurs in both trap and transfer ion 
guides B). B) is reprinted with permission from Sun et al.117 
 
For data independent acquisition (DIA) methods such as ‘MSE’, where low and high collision 
energy data are alternately measured without pre-selecting particular parent ions, IMS offers the 
clear benefit that co-eluting precursor ions can be separated by IMS prior to their fragmentation, 
thereby greatly increasing the performance of the method.116 Alternative data acquisition 
strategies have been developed for different IMS instruments, parallel accumulation–serial 
fragmentation (PASEF) for TIMS being a notable example, where the quadrupole is rapidly 
scanned to allow large numbers of MS/MS experiments.118  
2.3.1.3. IMS separation performance 
The separation performance of IMS, is typically evaluated by means of the resolving power 
(Rp). However, comparing Rp values between different instruments is complicated by the fact that 




separation principles differ between platforms.78,119 For example, for DTIMS instruments a time-
based definition of Rp, (t/Δt), is used,120 whereas for TWIMS devices, although the time-based 
definition has been used, a definition of Rp in terms of the ions collision cross section is preferred 
(CCS/ΔCCS).119,121 In TIMS, Rp is defined in terms of mobility (K/ΔK),122,123 and for the filtering 
devices, FAIMS/DMS/DIMS, a definition for Rp in terms of the compensation field (Ec/ΔEc) is 
used.124,125 DMA platforms can be used to measure K,111 such that Rp can be defined in terms of 
the CCS-based definition.119,126 
Due to the differences in separation mechanisms between IMS platforms, Dodds and 
colleagues suggested using a CCS-based definition of Rp to enable the cross-platform 
comparison of instruments (with the exception of FAIMS/DMS/DIMS, since CCS values cannot 
be determined using this platform).119 According to this definition, Rp values for commercial DTIMS 
devices are ~60,119,127 for TWIMS instruments ~40-50, and for TIMS systems between ~170-180 
and as high as ~400.128 For this reason, TIMS devices are considered ultra- high resolution 
instruments.83  
The above rough comparison highlights that the most used commercial IMS instruments 
(DTIMS and TWIMS) are characterised by relatively low resolving power (40-60), which is typically 
sufficient to resolve ions differing in CCS values by ~1.5-3%, but not for the resolution of most 
stereoisomers (ΔCCS <1%) and enantiomers (ΔCCS ~0.1%).119,127 Recent instrumental 
advances in TIMS122,128 and TWIMS-based technologies, such as cyclic ion mobility (cIM)103 and 
structures for lossless ion manipulations (SLIM)98,129,130, as well as high pressure DTIMS 
instruments61,90,96,131 and cyclic DTIMS93,132 show promising improvement in IMS performance (Rp 
> 300, and up to 1000) for such demanding separations. 
2.3.1.4. CCS values and their determination 
The primary measured variable in IMS is an ion’s mobility, K, which reflects the interactions 
between the ion and buffer gas molecules under conditions prevalent in the IMS cell. Measured 
mobilities are normalised to standard temperature and pressure conditions (STP 273.15 K and 
760 Torr), providing the reduced mobility, K0, for comparison purposes. An ion’s reduced mobility 
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Where µ is the reduced mass of the ion-neutral collision complex (=mimg/(mi+mg), with mi and 
mg the mass of the ion and the buffer gas, respectively), kB is Boltzmann’s constant, T is the 
temperature of the gas in Kelvin, z is the ion’s charge, e the elementary charge, N0 is the number 
density of the drift gas at STP, and K0 is the reduced mobility. 
The CCS value, in units of square Ångström (Å2), describes the number of collisions the 
molecular species’ 3-dimensional structure encounters with the neutral buffer gas – a momentum 
transfer cross section111,134 - which provides information about the ion’s conformation. The CCS 
value therefore provides a potentially important descriptor of the ion, which is characteristic under 
defined conditions. It is for this reason that CCS values are increasingly being used as an 
additional identification criterion in compound assignment; it is therefore relevant to discuss briefly 
how CCS values can be determined in a reliable manner. 
An important condition for the use of the Mason-Schamp equation is that measurements be 
performed under low-field conditions. A consequence of this is that FAIMS cannot be used to 
determine CCS values. If this condition is met, and provided a constant field is used, equation 1 
can be used to derive CCS values from measured mobilities. This scenario applies to DTIMS 
instruments, where one of two methods may be used: single-field (calibrant-dependent)135,136 and 
stepped-field (calibrant-independent)120,136 approaches. The stepped-field method is considered 
the gold standard, as CCS values can be calculated directly from the drift time (derived from the 
measured arrival time) according to the Mason-Schamp equation120,136, provided all other 
parameters in equation 1 are known to a high degree of accuracy. This method uses multiple 
measurements at different field strengths to derive the drift time used to calculate K. The stepped 
field method is not compatible with chromatographic separation due to its long cycle times. In 
contrast, the single-field approach uses a single drift voltage to measure arrival times135,136, and 
CCS values of unknowns are derived from regression analysis of arrival times vs. CCS values 
measured for calibrants with known, standardized CCS values under identical conditions as used 
for the unknown(s). Agilent’s ESI-L Low Concentration Tune Mix, which contains betaine, 
trifluoracetic acid ammonium salt, and a series of fluorinated phosphazenes and triazines, is 
commonly used as calibrant during DTIMS analyses. Stow et al. showed in a recent inter-
laboratory study that CCS values obtained using the stepped field method are exceptionally 
reproducible.136 Comparison of the two methods showed an average error of 0.54% attributed to 
the single-field measured CCS values, compared to a 0.34% for the stepped-field values.136  
TWIMS uses low but variable fields, and as such requires calibration to derive experimental 
CCS values. Similar to the single-field DTIMS method, CCS values of unknowns are obtained 




from calibration using molecules with known CCS values under defined conditions.62,137 The most 
used calibrant is poly-DL-alanine, for which CCS reference values were measured by DTIMS. 
Clearly, the accuracy of CCS values derived using such calibration procedures depends on the 
suitability of the calibrant. Calibration errors have been noted when using calibrants structurally 
and chemically unrelated to the target molecules, as when peptide calibrants were used to 
determine CCS values of lipid62 and small drug-like compounds.138 Poly-DL-alanine (n=3 to n=14) 
covers the mass range 231 to 1012 Da (CCS values of 150-308 Å2 in ESI- and 151-306 Å2 in ESI+ 
with nitrogen as drift gas),59,67,139 and small compounds outside this mass range are subject to 
higher CCS errors.138 Such issues can be circumvented by the judicious selection of suitable 
calibrants, such as a mixture of poly-DL-alanine and drug-like molecules used by Hines et al.138 
It is worth noting that calibration strategies using negative ion mode have received relatively little 
attention, even though many plant secondary metabolites for instance are acidic in nature and 
are preferentially ionised in negative mode. Dextran has been used as a calibrant to measure 
CCS values of oligosaccharides in negative ionisation mode,137 and poly-L-malic acid (n=1 to n=8, 
mass range 134 to 946 Da) as calibrant for the analysis of negatively-charged analytes under 1 
kilodalton (kDa).140  
Although CCS measurements using TIMS is in theory possible from first principles, in practice 
calibration procedures are often used as outlined in112,122,141. Schroeder et al. used the Agilent 
Tune Mix as calibrant to generate a CCS library for 146 plant secondary metabolites.69 DMA can 
be used to measure K directly, although DTIMS is more commonly used as a reference method 
for CCS determination since DMA is primarily applied for very large molecules. In practice, 
calibration approaches are also used to derive CCS in DMA.142  
Inconsistencies in how IMS data was reported, especially in earlier work, prompted Gabelica 
and co-workers to describe a comprehensive set of recommendations for IMS measurements.134 
These authors called for the standardization of the manner in which CCS values are measured 
and reported on particular platforms,67,136 and highlighted considerations for comparing CCS data 
obtained on different platforms.134 A notable consideration is that the drift gas composition should 
always be specified, as calibrant CCS values obtained using nitrogen (N2) are often larger 
compared to those obtained using helium (He).139,143 The nomenclature TWCCSN2 or DTCCSHe was 
suggested, where the superscript denotes the IMS technique and the subscript specifies the 
buffer gas composition used to derive the CCS value;144,145 this nomenclature is also used in the 
present work.  




2.3.1.4.1. The utility of CCS values in compound annotation  
CCS values can be used to study gas-phase phenomena, and as such are useful in physical 
chemistry146,147 and in the study of biological molecules’ conformations.148 From an analytical 
chemistry perspective, though, the main application of CCS values is as a complementary 
descriptor to chromatographic, spectroscopic and MS data for the identification of compounds. 
Databases such as HMDB149 and METLIN150 often suggest multiple potential metabolite hits 
based on HR-MS data, thus using CCS values to aid with identity confirmation is of analytical 
interest. One of the attractive features of CCS values in this context is their precision. For 
example, in inter-laboratory studies Paglia et al. found TWCCSN2 values to be more reproducible 
(97% of compounds within 2% RSD) than retention times (80% within 2% RSD) for 125 common 
metabolites,67 while the stepped-field method using DTIMS demonstrated a 0.29% RSD for CCS 
measurements.136 
Experimental CCS searchable databases have been created for lipids,59,151,152 peptides,55,94 N-
glycans,137 toxins,153 pesticides,154 drug-like compounds,138,154 metabolites58,67 and various 
biomolecules.120,155 Furthermore, prediction of CCS values using computation methods is a fast-
growing field.156–161  
While it is essential to consider the requirements of accuracy in reported CCS values as 
discussed above, the availability of reliable CCS databases clearly shows promise for the 
incorporation of IMS into hyphenated chromatography-MS workflows for the identification of 
unknown compounds (Figure 2.6). In this endeavour, a distinction between “known-unknowns” 
(i.e., an analyte for which MS and CCS data determined for the standard are available online) and 
“unknown-unknowns” (representing analytes without a database hit, no m/z or CCS value) can 
be made. In the case of “unknown-unknowns”, mass-mobility trendlines (CCS values vs m/z) can 
be used to assign the chemical class of the analyte.58,138,155 Furthermore, one study showed that 
the addition of CCS filters as an identification criterion to a < 5 ppm (parts per million) mass 
window also decreased the number of false positive results,162 thus increasing identification 
reliability. 





Figure 2.6: Example of a workflow used in the identification of a “known-unknown” analyte using 
both m/z and CCS data to increase confidence in annotation. Reprinted with permission from 
Dodds and Baker.111   
2.3.1.5. IMS data analysis and chemometrics  
Incorporating IMS into chromatography-MS workflows increases data dimensionality (Figure 
2.7):  in principle, a hyphenated chromatography-IM-MS methods produces three-dimensional 
data, whereas comprehensive two-dimensional chromatographic (LC×LC) analysis adds a further 
dimension.106,163,164 IMS also greatly increases datafile size, such that data storage and analyses 
of large datasets, as is common in the omics fields, are of concern.165 
While a range of commercial software packages are available for the analysis of IMS data 
(Figure 2.7A), these are mostly instrument specific. However, 2D IM-MS data (Figure 2.7B) can 
also be exported and processed (peak alignment and picking) using different pre-processing and 
pattern recognition techniques,165 and online tools such as XCMS166,167 can be used for alignment 
to yield a data matrix containing mobility/drift time, m/z data and peak intensity. Depending on the 
goal of the analyses, unsupervised (principal component analysis (PCA), hierarchical cluster 
analysis (HCA), etc.) or supervised (partial least squares discriminant analysis (PLS-DA) etc.) 
pattern recognition techniques can be used for data interpretation. Higher dimensional IMS data 
is compatible with open source packages, as demonstrated by the incorporation of LC-IMS-CID-
MS data into Skyline 168 and ORIGAMI 169 for data analysis purposes, and freely available software 
for visualisation and interpretation of comprehensive two-dimensional LC×LC×IM-MS data 
(Figure 2.7D).106 Indeed, chemometric methods are increasingly being used for the analysis of 
IMS data, in natural product analysis.106,170–190  
 





Figure 2.7: Illustration of the data dimensionality in IMS hyphenation. Ion mobility spectrum of 
Cyclopia genistoides (honeybush tea) phytochemicals (1-D data) A), corresponding mass-
mobility trendlines of C. genistoides phytochemicals (2-D data) B) (both are unpublished data 
from our group), LC-IMS-MS separation of lipids (3-D data) C) (reprinted with permission from 
Vasilopoulou et al.191) and three-dimensional representation of comprehensive two-dimensional 
LC (LC×LC)×IMS-MS D) separation of grape seed phenolics (MS dimension not represented) 
from Venter et al.106     
 
Summary 
The identification of plant secondary metabolites (specifically phenolic compounds), in what 
are often highly complex matrices, is of paramount importance in the search for new biologically 
active compounds. IMS shows promise as an additional tool to enhance the performance of 
current analytical methods used to identify viable candidates, particularly structurally similar 
secondary metabolites. The technique extracts complementary structural information to LC-MS 
workflows. Thus, allowing species to be characterised based on an array of complementary 
descriptors (e.g., retention time, mass spectral information (including high resolution and tandem 
MS data), spectroscopic data and CCS value), which increases molecular information content 
and specificity in structural identification. Such structural information can then be used to develop 




an in-house phenolic compound library. As different ions interact differently with the buffer gas, 
the incorporation of CCS values to LC-HR-MS workflows provides additional structural 
information, which can help in different studies such as to: 1) expedite the characterization of 
phenolic compounds in natural product research, 2) improve metabolite identification confidence 
in plant metabolomics, 3) use phenolic compound as markers to aid in the differentiation of plant 
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Chapter 3: Detailed Phenolic Characterisation of Protea Pure 
and Hybrid Cultivars by Liquid Chromatography−Ion 
Mobility−High Resolution Mass Spectrometry (LC-IM-HR-MS)  
 
Abstract  
In this study we report a detailed investigation of the polyphenol composition of Protea pure (P. 
cynaroides and P. neriifolia) and hybrid cultivars (Black beauty and Limelight). Aqueous methanol 
extracts of leaf and bract tissues were analysed by ultra-high performance liquid chromatography 
hyphenated to photodiode array and ion mobility-high resolution mass spectrometric (UPLC-PDA-
IM-HR-MS) detection. A total of 67 metabolites were characterised based on their relative 
reversed phase (RP) retention, UV-Vis spectra, low and high collision energy HR-MS data and 
collisional cross section (CCS) values. These metabolites included 41 phenolic acid esters and 
25 flavonoid derivatives, including 5 anthocyanins. In addition, an undescribed hydroxycinnamic 
acid-polygalatol ester, caffeoyl-O-polygalatol (1,5-anhydro-[6-O-caffeoyl]- sorbitol(glucitol)) was 
isolated and characterised by 1D and 2D NMR for the first time. This compound and its isomer 
are shown to be potential chemo-taxonomic markers.   
  





Proteaceae is an angiosperm family endemic to Mediterranean-type regions of the Southern 
hemisphere, including South Africa and Australia. The Proteaceae family is made up of 
approximately 80 genera and more than 1700 species.1 Protea species are located in fire-prone, 
semi-acrid environments and pollinated by sugarbirds, sunbirds and rodents.2 Pure species and 
hybrid cultivars have become popular ornamental plants due to their vibrant inflorescence, with 
more than 3 million exported from South Africa in 2017, for example.3  Historically, Protea plant 
tissue (leaves, stems and flowers) has been used for a range of applications, including in leather 
tanning, production of wagon wheels (P. nitida), and as cough syrup (using the nectar extracted 
from P. repens flowerheads).4  Studies such as population genetic studies, revealed that different 
ecological ranges (Eastern vs Western Cape) result in distinct genetic clusters in the same 
species, e.g. P. repens5 or white P. mundii6 species. In both studies, adaptive and non-adaptive 
processes are thought to contribute to geographical isolation and potentially lead to evolutionary 
species. Transcriptomics has also been used to understand adaptive diversification in P. repens.7 
Studies dedicated to the phytochemical composition of Protea are limited; a few phenolic 
compounds4,8,9 and polyol sugars10 have been identified as leaf constituents. Most of these studies 
focused on selected compounds characterised by nuclear magnetic resonance (NMR) following 
their preparative isolation. Phenolic compounds in other Proteaceae members were also reported 
by Deans et al.,11,12 where they found for example quercetin glycosides and naphthoquinones in 
Lomatia species.12 No metabolomics studies on Proteas have been reported to date. This study 
forms part of a bigger study to better understand the post-harvesting browning process seen in 
Protea plants by studying the phenolic composition, which has commercial implications. However, 
to the best of our knowledge, the phytochemical origin of the striking inflorescence of Proteas is 
yet to be explained, and much of the phenolic composition of Proteas remains unknown. 
High performance liquid chromatography (HPLC), and more recently ultra-high performance 
LC (UPLC), combined to diode array and especially high resolution-mass spectrometric (HR-MS) 
detectors, are the methods of choice in natural product research.13–21 This may be accredited to 
sensitivity and resolving power of these methods, which enable detection and (tentative) 
assignment of up to hundreds of metabolites in a single analysis. Advances in tandem MS 
technology such as the data-independent acquisition strategies allow both the precursor and 
product ion data to be collected in a single chromatographic run,22,23 eliminating the requirement 
of multiple injections. Nevertheless, the complexity of plant samples, which often contain isomeric 
and/or isobaric metabolites,24–28 poses a severe analytical challenge. 




The integration of ion mobility spectrometry (IMS) into (LC-) MS workflows has become an 
appealing analytical method for the differentiation of and improved identification of structurally 
similar metabolites.29–33 IMS separates ions in the gas phase according to their charge, size and 
shape (collision cross section, CCS). CCS values are characteristic for each ion and describe the 
physicochemical properties of the ion as it traverses the IM cell under the influence of a potential 
difference and interacts with the neutral gas, usually N2. IMS provides structural and ionic 
information that may facilitate metabolite identification, as well as the option to clean up MS data 
by filtering according to drift time. Isomeric compounds have been distinguished based on 
differences in their CCS values,31,33 and IMS has been shown to separate prototropic ions of 
regioisomers.34,35 For these reasons, it is not surprising that IMS has in recent years increasingly 
found application in metabolomic,29 lipidomic30 and proteomic36 studies. Coupled to (U)HPLC-MS, 
IMS provides an additional parameter for compound identification in terms of arrival (drift) time 
and related CCS values, thereby increasing identification confidence in natural product research.  
In this study, we report the detailed phenolic characterization of Protea plants; 2 pure species 
P. cynaroides and P. neriifolia, 2 hybrid cultivars Black beauty (Sheila (P. magnifica x P. burchelli) 
cross) and Limelight (P. neriifolia x P. burchelli); by exploiting the benefits offered by UPLC-PDA-
IM-HR-MS for metabolite identification.  These cultivars were selected based on the degree of 
variation in their LC-MS profiles.  
 
3.2. Materials and methods   
3.2.1. Materials  
Authentic standards of vanillic acid, caffeic acid, (+)-catechin, (-)-epicatechin, rutin, 5-
caffeoylquinic acid and isoquercetin were purchased from Sigma-Aldrich (MO, USA). Analytical-
grade acetonitrile and methanol were obtained from Romil (Cambridge, UK). Formic acid was 
obtained from Merck (MO, USA).  
3.2.2. Samples  
Four Protea plants, comprising two hybrid cultivars, black beauty (Sheila (P. magnifica x P. 
burchelli) cross) and limelight (P. neriifolia x P. burchelli), and two pure species (P. neriifolia and 
P. cynaroides) were collected from the commercial farm “FynBloem” (34°09′01″S 19°54′52″E) and 
from the Harold Porter National Botanical Garden (34°21′06″S 18°55′37″E), respectively.  
Standard cultivation practices for irrigation and nutrition were followed at Fynbloem, as is 
recommended for Cape Flora production on nutrient poor soils, under Mediterranean climatic 




conditions,37 whereas inflorescences collected from the Harold Porter National Botanical Garden 
were obtained from a wild population.  After hydration for a one-hour period in tap water at harvest, 
inflorescences were stored as dry stems at 4°C as stipulated by the South African Perishable 
Products Export Control Board (PPECB),38 until extractions were performed.  
3.2.3. Methods 
3.2.3.1. Sample preparation 
For each authentic standard, a 0.500 mg/mL solution was prepared in 50% (v/v) methanol in 
water containing 2% formic acid. The resulting solutions were placed in glass vials for analysis 
(injected as either mixtures or individual samples). 
3.2.3.2. Metabolite extraction 
For extraction, 1.00 g of fresh plant tissue (leaves or bracts) was crushed in a mortar and pestle 
and mixed with 15 mL of methanol/water/formic acid (50:48:2). Samples were prepared in 
triplicate for each plant tissue per Protea species or cultivar. After two hours, samples were 
subjected to sonication in an ultrasonic bath (0.5 Hz, Integral Systems, RSA) for one hour at room 
temperature. Post-sonication, samples were centrifuged (Hermle Z 160 M, LaborTechnik, 
Germany) at 15 994 xg for one hour to remove the cell debris. The resulting supernatants were 
placed in glass vials for analysis.  
3.2.3.3. UPLC-PDA-IM-HR-MS analyses 
Extracts were analysed on an Acquity UPLC instrument coupled to a Synapt G2 quadrupole 
time-of-flight (q-TOF) mass spectrometer (Waters Corporation, Manchester, UK) equipped with 
an Acquity HSS T3 C18 column (2.1 mm × 150 mm, 1.8 μm, Waters) using an injection volume of 
2 µL. The mobile phases consisted of 0.1% formic acid in MilliQ water (solvent A) (analytical 
quality water was prepared by filtering using reverse osmosis water through a MilliQ system) and 
0.1% formic acid in acetonitrile (solvent B), at a flow rate of 0.25 mL/min. The initial conditions 
were 0% B, maintained for 1 min, followed by a linear increase to 28% B at 22 min and 60% B at 
30 min. A steep gradient was applied to 100% B at 31 min, kept for 1 min before returning to the 
initial conditions in 1 min; the column was re-equilibrated for 4 min at 0% B (total run time 37 min). 
The column temperature was maintained at 60°C. Detection was performed using photodiode 
array (PDA) and MS detectors. The Acquity PDA detector’s (Waters) scanning range was from 
230 to 650 nm, with a 1.2 nm bandwidth and a sampling rate of 20 Hz. Electrospray ionisation 
was performed in both negative (ESI-, for phenolic acids and the majority of flavonoids) and 
positive ion modes (ESI+, mainly for the anthocyanins). 




For the analysis of anthocyanins, an Acquity BEH C18 column (2.1 mm × 100 mm, 1.7 μm 
particle size, Waters) was used with an injection volume of 3 µL and column temperature of 50°C. 
Highly acidic mobile phases were used,39,40 consisting of MilliQ water containing 7.5% formic acid 
(solvent A) and acetonitrile containing 7.5% formic acid (solvent B). A flow rate of 0.20 mL/min 
was used. The initial conditions were 1% B, maintained for 0.50 min, followed by linear increases 
to 22% B at 20 min and 100% B at 20.10 min, kept for 1.40 min before returning the initial 
conditions in 10 sec; the column was re-equilibrated for 3.4 min at 1% B (total run time 25 min). 
Anthocyanins were monitored at a wavelength range of 500-550 nm, and by ESI+-MS. 
For MS detection, both ESI- and ESI+ were used, using optimised settings presented 
elsewhere.41,42 Briefly, the cone voltage was set at 15 V, N2 was used as desolvation gas at a 
temperature of 275˚C and a flow rate of 650 L/h. Sodium formate was used for the calibration of 
the instrument and leucine enkaphalin was used as the lock mass (m/z = 554.2615 or 556.2771 
reference masses) to achieve high mass resolution. Data were acquired for a mass range of 150-
1500 Da in resolution-mode at a rate of 0.2 scans per second. In MSE mode, data were acquired 
using two channels: at low collision energy (6 V, mass range 150-1500 Da), and with a collision 
energy ramped from 20 to 60 V (for mass range 40-1500 Da).  
Travelling-wave IMS (TWIMS) was performed using the following settings: extraction cone 4 
V, helium cell gas flow 180 mL/min, IM buffer gas (N2) flow 110 mL/min, IM wave velocity 650 m/s 
and IM wave height 40 V. Polyalanine (PolyA) was used as calibrant to determine TWCCSN2 values 
from the measured arrival time distributions in both ESI+ and ESI- modes and was prepared in 
H2O/MeOH (50:50, v:v) at a concentration of 277 mg/mL. Calibration was performed using singly 
charged PolyA oligomers (n = 3 to 14) covering a mass range 231 to 1012 Da and CCS values 
ranging from 150 to 308 Å2 in ESI- and from 151 to 306 Å2 in ESI+. For data acquisition and 
processing, MassLynxTM 4.1 and Driftscope 2.9 software (Waters) were utilised.  
3.2.3.4. UPLC-low field drift tube IM-HR-MS analyses 
Separation was performed using an Acquity HSS T3 C18 column (2.1 mm × 150 mm, 1.8 μm, 
Waters) at 40°C. The binary mobile phase comprised (A) 0.1% (v/v) formic acid in water, and (B) 
acetonitrile. Using a flow rate of 0.25 mL/min, an initial composition of 100% A was held for 1 min, 
followed by a gradient from 0-28% B in 1-22 min, then increasing to 40% from 22-30 min, and 
finally to 100% B from 30-31 min. After a 1 min wash, the condition was returned to 0% B at 33 
min and held for 4 min (total run time of 37 min). Detection was performed using an Agilent 6560 
IM-q-TOF MS instrument (Agilent Technologies, Waldbronn, Germany). Nitrogen was used as 
drying gas at 350°C, a sheath gas temperature of 225 °C and a sheath gas flow rate of 12 L/min. 




The nebulizer gas pressure was 30 psi, the MS capillary voltage was -3500 V, the nozzle voltage 
-500 V and the fragmentor was set to -275 V. Following tuning in the 2 GHz extended dynamic 
range mode with a mass range of 50-1700 m/z, mass calibration was undertaken immediately 
prior to measurements using the supplied tune mixture of the manufacturer.  
The IMS trapping funnel was operated with an accumulation time of 20 000 µs and released 
packages of ions every 50 ms with a trap release time of 150 µs. The drift tube was operated with 
an absolute entrance voltage of -1574 V and an exit voltage of -224 V with a drift tube pressure 
of 3.95 Torr at precise temperature between 26 and 28 °C using high purity N2 as the collision 
gas. The acquisition settings were adjusted to yield 30 ion mobility transients per frame 
corresponding to 0.5 ion mobility frames per second. A single-field calibration approach was 
employed using DTCCS values and methodology established in a recent study.43  
3.2.3.5. Metabolite annotation  
For compound annotation and identification, MSE fragmentation patterns, standards, surrogate 
standards,44 and online databases such as Dictionary of Natural Products,45 KNApSAck,46 
METLIN47 and ChemSpider48 were used. The level of identification used for the annotated 
compounds is indicated as set out by the COSMOS Metabolomics Standards Initiative. 
Experimental TWCCSN2 values (Å2) were compared to available literature,32,49 and for selected 
compounds to DTCCSN2 values determined on a drift tube instrument.  
3.2.3.6. Preparative isolation of 25   
The HPLC system used was a Waters 1525 equipped with a Gemini C18 column (10.0 mm x 
250 mm, 10 μm, Phenomenex) and controlled by a Waters Empower Pro software. The injection 
volume was 200 μL. A binary solvent mixture was used consisting of MilliQ water containing 0.1% 
formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B). At a flow rate of 
3 mL/min, the initial conditions were 20% B, maintained for 1 min, followed by a linear increase 
to 100% B at 28 min, maintained for 1 min, followed by a change to the initial conditions (20% B) 
after 1 min and column re-equilibration for 5 min (total run time 35min). Detection was performed 
using a dual absorbance detector (Waters 2487) set at 254 and 325 nm, with a sampling rate of 
1 Hz. Compound 25, eluting at 9.83 min, was collected; the purity of the obtained fraction was 
confirmed by UPLC-PDA analysis. Compound 25 was concentrated by evaporation under 
vacuum and the residue dried under vacuum over P2O5 to give 1.4 mg of a light brown powder.  




3.2.3.7. Nuclear Magnetic Resonance (NMR) spectroscopy 
An Agilent 600 MHz Inova NMR spectrometer fitted with an inverse-detection 5 mm dual 
channel probe and a pulsed field gradient coil was used to conduct the NMR analyses. The 
standard Agilent VnmrJ 4.2 1D and 2D pulse sequences were customised for the concentration 
and resolution requirements of the sample. All the NMR data discussed in this report were derived 
from 1H, 13C, TOCSY, gHSQCAD, gHMBCAD NMR experiments, run at 25˚C in DMSO-d6. All 
spectra were processed using the licensed Mestrenova 12.0.4 software package.  
 
3.3. Results and discussion  
Fresh tissue rather than dried leaves and bracts were used in this study, as some Protea leaves 
and stems are known to blacken upon damage or cutting.50–53 This precautionary measure 
minimised the risk of metabolite decomposition. The phenolic composition of the 4 Protea plants, 
two pure species (P. cynaroides and P. neriifolia) and two hybrid cultivars (Black beauty and 
Limelight) (Figure 3.1), were analysed by UPLC-PDA-IM-HR-MS.  
 
Figure 3.1: The four Protea plants studied: two pure species (A) P. cynaroides (King Protea), (B) 
P. neriifolia, and the two hybrid cultivars (C) Black beauty (Sheila (P. magnifica x P. burchelli) 
cross), D) Limelight (P. neriifolia x P. burchelli). 
 
Figure 3.2 illustrates the differences between the LC-MS chromatograms obtained for aqueous 
methanol extracts of the leaves of the 4 Protea plants studied. Compounds were annotated or 
identified based on molecular formulae obtained from HR-MS data, MSE fragmentation patterns 
(3, 13, 16, 20, 21, 23, 24, 26-28, 30-32, 34, 40, 41, 44, 47-50, 53, 63-67) and comparison with 
literature data for standards (10, 14, 15, 17, 18, 22, 29, 42, 45, 52, 55-62), compounds previously 
unambiguously identified in Protea species (4-9, 12, 33, 35-39) and databases such as the 
Dictionary of Natural Products,45 KNApSAck,46 METLIN47 and ChemSpider48. Selected 




compounds were also unambiguously identified based on comparison with standards (11, 19, 43, 
46, 51, 54), surrogate standards (1, 2) or by preparative isolation and NMR characterization (25). 
Furthermore, CCS values obtained on a travelling wave IM instrument using N2 as the drift gas 
(TWCCSN2) were compared to literature values where available as an additional means of 
identification. The accuracy of the experimentally determined TWCCSN2 values were confirmed by 
comparison with the CCS values determined on a low-field drift tube instrument (DTCCSN2) for 
selected compounds (Supplementary; Table S3.1). The metabolites identified in this manner are 
listed in Table 3.1 (phenol and phenolic acid derivatives) and Table 3.2 (flavonoid derivatives). 
Structures of the family of phenol, phenolic acids and hydroxycinnamic acids studied are shown 
in Supplementary; Figure S3.1. Structures of the family of flavan-3-ols, anthocyanidins, flavonols 
and flavones identified are shown in Supplementary; Figure S3.2. In addition, the distribution of 
these metabolites across the studied plant species and cultivars are shown in Supplementary; 
Figure S3.3. In the following sections, the assignment of each of the (tentatively or putatively) 
identified compounds is discussed according to chemical class.  
3.3.1. Phenolic acid derivatives 
3.3.1.1. Phenol and hydroxybenzoic acid derivatives  
Unless otherwise stated, all compounds in this class showed UV spectra typical of benzoic 
acid derivatives, with UV absorbance maxima at ≈ 280 nm. Compounds 1 (retention time (tR) 4.14 
min) and 4 (tR 6.26 min) showed molecular ions at m/z 287.0771 ([M-H]-, C12H16O8). TWCCSN2 
values were calculated as 157.3 and 154.1 Å2 for the respective ions. The MSE spectra for both 
peaks revealed an intense product ion at m/z 125.0243 (C6H6O3), resulting from the neutral loss 
of a 162 Da fragment, which is characteristic of a neutral loss of a hexose sugar. Perold and 
Carlton identified the main leaf metabolite in Protea neriifolia as neriifolin, which, following acid 
hydrolysis, released the aglycone benzene-1,2,4-triol (hydroxyquinol; molar mass 126 g/mol).9 
Furthermore, MS/MS analysis of benzene-1,3,5-triol (phloroglucinol)-O-hexoside (phlorin) also 
showed the ion m/z 125.0243 as the product ion of m/z 287.0771.54 Phlorin is used as an orange 
peel marker to determine juice quality in the fruit juice industry.55 Thus, to distinguish between the 
two isomeric peaks 1 and 4, phlorin was extracted from the albedo layer of orange peels and used 
as a surrogate standard.44 This allowed the putative identification of the minor peak (1) as phlorin, 
while the more abundant peak (4) was tentatively identified as hydroxyquinol-O-glycoside.4,9  
Two peaks with molecular ions at m/z 271.0794 (C12H16O7) eluted at tR’s of 5.71 and 5.89 min, 
respectively. Their high collision energy spectra showed fragment ions at m/z 109.0430 (C6H6O2) 
and 108.0193, resulting from the neutral loss of a hexose moiety. The aglycone (m/z 109.0430) 




and the radical aglycone moiety (m/z 108.0193) are consistent with a hydroquinone (benzene-
1,4-diol; C6H6O2) product ion. Thus, these two peaks were annotated as arbutin (hydroquinone-
O-hexoside) isomers.17 Garcia-Jimenez et al. noted two hydroquinone glycosides: β-arbutin 
(found naturally in the plant kingdom) and α-arbutin (which is enzymatically formed from either 
hydroquinone or β-arbutin).56 β-Arbutin has been reported in pears,57,58 and was therefore 
extracted from a fresh pear fruit and used as a surrogate standard in this study. Compound 2 in 
the Protea samples was accordingly putatively identified as β-arbutin, whereas 3 was tentatively 
identified as α-arbutin as per the elution order noted by Garcia-Jimenez et al.56 The TWCCSN2 
values for both arbutin isoforms were identical (156.1 Å2). 
Three compounds (5, 6 and 7) with identical molecular formulae (m/z 301.0915, C13H18O8), 
were detected at tR’s 7.11, 7.23 and 7.43 min, respectively, with TWCCSN2 values of 159.2, 161.1 
and 162.9 Å2, respectively. MSE spectra for these compounds showed fragment ions at m/z 
139.0376 (C7H8O3; bp) and 121.0267, with the abundant ion at m/z 139.0376 resulting from the 
neutral loss of a hexose moiety and the ion at m/z 121.0267 representing the dehydrated (-18 Da) 
moiety of the product ion at m/z 139.0376. The abundant ion at m/z 139.0376 was tentatively 
annotated as protocatechuic (3,4-dihydrobenzyl) alcohol, as this metabolite has previously been 
identified in Protea species.4,59 Thus, 5, 6 and 7 were tentatively identified as protocatechuic 
alcohol-hexoside isomers, which likely differ in their position of glycosylation, explaining the slight 
differences in their TWCCSN2 values.   
Compounds 8, 9 and 12 at tR 8.32, 8.43 and 9.39 min, respectively, showed precursor ions at 
m/z 315.0803 (C13H16O9) and a UV maxima at ≈ 315 nm. Their MSE spectra showed fragments at 
m/z 153.0198, 152.0099, 109.0268 and 108.0194, where: 1) the fragment at m/z 153.0198 
(C7H6O4) resulted from the neutral loss of a hexose moiety and was annotated as a 
dihydroxybenzoic acid derivative; 2) the product ion at m/z 152.0099 represents the 
corresponding radical aglycone ion; 3) the ion at m/z 109.0268 resulted from the decarboxylation 
(- 44 Da) of the dihydroxybenzoic acid moiety (m/z 153.0198), and 4) the product ion at m/z 
108.0194 resulted from the decarboxylation of the radical aglycone ion. These fragment ions are 
characteristic of the dihydroxybenzoic acid glycoside, protocatechuic acid (3,4-dihydroxybenzoic 
acid)-O-hexoside and its aglycone.13 In a study by Perold et al., protocatechuic acid was identified 
as a leaf constituent of Protea lacticolor.59 Compounds 8, 9 and 12 were therefore annotated as 
protocatechuic acid-O-hexoside isomers. Compound 8 showed the largest TWCCSN2 value (164.4 
Å2), whereas 9 and 12 had identical TWCCSN2 values of 160.7 Å2.  





Figure 3.2: Stacked UPLC-HR-MS base peak ion (BPI) chromatograms illustrating the different chromatographic profiles between 
extracts obtained from leaf tissues of P. neriifolia, P. cynaroides (King Protea), Limelight (P. neriifolia x P. burchelli) and Black beauty 
(Sheila (P. magnifica x P. burchelli) cross). Compound numbers correspond to Tables 3.1 and 3.2.  




Table 3.1: Summary of the phenolic and phenolic acid derivatives (tentatively) identified in the studied Protea plants: P. cynaroides 
(King Protea), P. neriifolia, Black beauty (Sheila (P. magnifica x P. burchelli) cross) and Limelight (P. neriifolia x P. burchelli) by UPLC-
PDA-IM-HR-MS. bp = base peak.  






















[M-H]- 5.71 271.0794 -0.7 271-> 109.0430; 108.0193 
(bp) 




[M-H]- 5.89 271.0800 -2.2 271-> 109.0430; 108.0193 
(bp) 
C12H16O7 283 158.3 2 17,56 
4 Hydroxyquinol (benzene-1,2,4-
triol)-O-hexoside*a,c,d 
[M-H]- 6.26 287.0754 -0.3 287-> 125.0222 (bp) C12H16O8 282 154.1 2 4,9 
5 Protocatechuic alcohol (3,4-
dihydroxybenzyl alcohol)-O-
hexoside isomer 1*#a,b,c,d 
[M-H]- 7.11 301.0915 4.0 301-> 139.0376 (bp); 
121.0267 
C13H18O8 280 159.2 3 4,59 
6 Protocatechuic alcohol-O-
hexoside isomer 2*#a,b 
[M-H]- 7.23 301.0904 -1.3 301-> 139.0380 (bp); 
121.0280 
C13H18O8 280 161.0 3 4,59 
7 Protocatechuic alcohol-O-
hexoside isomer 3*a,c,d 
[M-H]- 7.43 301.0925 4.3 301-> 139.0368 (bp); 
121.0260 
C13H18O8 280 162.9 3 4,59 
8 Protocatechuic acid (3,4-
dihydroxybenzoic acid)-O-
hexoside isomer 1*a,b,c,d 
[M-H]- 8.32 315.0803 1.3 315 -> 153.0198 (bp); 
109.0298; 108.0194 
C13H16O9 315 164.4 3 13,59 
9 Protocatechuic acid-O-hexoside 
isomer 2*b,c,d 
[M-H]- 8.43 315.0702 1.9 315 -> 153.0165; 152.0099; 
109.0268; 108.0194 (bp) 
C13H16O9 315 160.7 3 13,59 
10 Protocatechuic acid*b [M-H]- 8.81 153.0203 4.6 153 -> 152.0066; 109.0301 
(bp); 108.0206 
C7H6O4 259, 293 107.5 2 13,59 
11 Vanillic acid (4-hydroxy-3-
methoxybenzoic acid)-O-
hexoside*a,c,d 
[M-H]- 8.98 329.0862 -1.2 329 -> 167.0331 (bp); 
152.0108; 123.0422; 108.0188 
C14H18O9 253, 290 177.7 2 13,49,59 
12 Protocatechuic acid-O-hexoside 
isomer 3*b 
[M-H]- 9.39 315.0702 -2.9 315 -> 153.0165; 152.0099; 
109.0268; 108.0194 (bp) 





[M-H]- 9.53 329.0872 -1.5 329 -> 287.0754; 125.0222 
(bp) 
C14H18O9 282 169.4 3 9 
14 3-Caffeoyl-O-quinic acid*#c,d [M-H]- 10.01 353.0873 -2.0 353-> 191.0548 (bp); 
179.0353; 135.0442 




deoxy-hexose isomer 1*#b 
[M-H]- 10.60 283.0808 
(bp) 
0.0 283-> 137.0228; 93.0324 C13H16O7 258 157.4 
 
3 13,59 






[M-H]- 11.69 337.0898 0.9 337 -> 191.0573; 163.0396 
(bp); 119.0487 




17 Feruloyl-O-hexoside isomer 1*b [M-H]- 11.96 355.1039 3.5 355 -> 193.0493 (bp); 
134.0368 
C16H20O9 292 194.3 3 13 
18 p-Hydroxybenzoic acid-O-
deoxy-hexose isomer 2*c,d 
[M-H]- 12.48 283.0800 2.8 283->137.0203 (bp); 93.0324 C13H16O7 260 161.1 3 13,59 
19 5-Caffeoyl-O-quinic acid#c,d  [M-H]- 12.54 353.0862 -2.8 353 -> 191.0542 (bp) C16H18O9 325 177.2 1 Standard 
20 3-Feruloyl-O-quinic acid*a,c,d [M-H]- 12.83 367.1043 -4.1 367-> 193.0498 (bp); 
191.0502; 134.0365 




[M-H]- 13.34 423.0989 
(bp) 
0.0 423-> 153.0184; 125.0225; 
109.0301 
C19H20O11 258 184.1 3 MSE 
22 Feruloyl-O-hexoside isomer 2*b [M-H]- 13.51 355.1041 -2.5 355 -> 193.0509 (bp); 
134.0368 




[M-H]- 13.66 423.0989 
(bp) 
-2.8 423-> 153.0184; 125.0225; 
109.0301 
C19H20O11 258 194.6 3 MSE 
24 p-Hydroxybenzoic acid 
derivative*a,b,c 
[M-H]- 13.89 423.0923 -1.4 423-> 281.0659 (bp); 
137.0235; 93.0323 








14.05 325.0934  
 
327.1064 
0.6 325-> 179.0350; 161.0247 
(bp); 135.0451; 133.0299 
 
327-> 163.0385 (bp)  






alcohol isomer 1*a,d 
[M-H]- 14.25  437.1074 -3.0 437-> 301.0927; 153.0193; 
139.0394 (bp); 109.0286 











-1.2 325-> 179.0372; 161.0239 
(bp); 135.0442; 133.0302 
 
327-> 163.0385 (bp) 









14.64 423.0923 -0.9 423-> 153.0196; 125.0241; 
109.0287 
C19H20O11 263 184.1 3 MSE 






[M-H]- 17.16 391.1029 
bp 
-0.5 391-> 281.0673; 137.0223; 
109.0282; 93.0330 
C19H20O9 280 176.5 3 MSE 
31 p-Hydroxybenzyl-O-arbutin 
isomer 2*c 
[M-H]- 17.58 391.1030 
(bp) 
4.1 391-> 281.0669; 137.0239; 
109.0297; 93.0348 
C19H20O9 280 176.5 3 MSE 
32 Protocatechuic acid-O-
hexoside-O-protocatechuic 
alcohol isomer 2*#b 
[M-H]- 17.68 437.1083 -2.3 437-> 153.0195 (bp); 
109.0295 
C20H22O11 263 182.4 3 47 





hydroxyquinol) isomer 1*a,c,d 
[M-H]- 19.63 391.1036 2.3 391-> 287.0748; 125.0242 
(bp) 
C19H20O9 287 184.6 3 9 
34 Hydroxyquinol-O-hexoside 
derivative isomer 1*a,c,d 
[M-H]- 20.37 405.1214 -2.5 405-> 287.0725; 125.0228 
(bp) 
C20H22O9 281 187.3 3 MSE 
35 Lacticolorin/Pilorubrosin 
(benzyl-O-hexoside-O-




21.17 405.1182 -3.0 405-> 139.0372 (bp); 
121.0273 
C20H22O9 281 191.9 3 59,62 
36 Neriifolin isomer 2*a,c,d [M-H]- 21.29 391.1034 2.3 391-> 287.0752; 125.0229 
(bp); 121.0267 
C19H20O9 281 186.0 3 9 
37 Lacticolorin/Pilorubrosin isomer 
2*a,b,c,d 
[M-H]- 21.49 405.1181 0.7 405-> 139.0389 (bp); 
121.0282 







1.6 375-> 121.0277; 109.0262; 
108.0198 (bp) 
C19H20O8 282 183.3 2  4,63 
39 Neriifolin isomer 3*a,c [M-H]- 21.75 391.1024 2.8 391-> 287.0752; 125.0229 
(bp); 121.0267 
C19H20O9 281 187.5 3 9 
40 Hydroxyquinol-O-hexoside 
derivative isomer 2*#a,c,d 
[M-H]- 22.05 405.1192 1.5 405-> 287.0778; 125.0241 
(bp) 
C20H22O9 280 187.3 3 MSE 
41 Hydroxyquinol-O-hexoside 
derivative isomer 3*a 
[M-H]- 22.54 405.1193 1.7 405-> 287.0748; 125.0239 
(bp) 
C20H22O9 280 188.9 3 MSE 
* detected in leaf tissue; # detected in bract tissue; a-d specify compounds detected in a P. neriifolia, b P. cynaroides (King Protea), c black beauty 
and d limelight. 
 
Table 3.2: Summary of the flavonoids (tentatively) identified in the studied Protea plants: P. cynaroides (King Protea), P. neriifolia, 
Black beauty (Sheila (P. magnifica x P. burchelli) cross) and Limelight (P. neriifolia x P. burchelli) by UPLC-PDA-IM-HR-MS.  































579-> 409.0894; 287.0554; 
127.0390 (bp) 
C30H26O12 278 220.1 3 16,64 
43 (+)-Catechin*#a,c,d [M-H]- 12.17 289.0714 
(bp) 
 





C15H14O6 279 150.1 
 
1 Standard 
44 Delphinidin-O-hexoside#a,c [M]+ 12.86 465.1032 -2.4 465-> 303.0502 (bp); 
257.0441; 229.0491; 
201.0548 
C21H21O12 279, 525 204.7 2 14,65 




















579-> 409.0894; 287.0554; 
127.0390 (bp) 
C30H26O12 279 220.1 3 16,64 










C15H14O6 279 150.1 1 Standard 
47 Cyanidin-O-hexoside#a,b,c [M]+ 14.91 449.1084 -2.0 449-> 287.0555 (bp); 
241.0489 
C21H21O11 279, 520 201.3 2 14,49,65 
48 Petunidin-O-hexoside#a,c [M]+ 16.42 479.1181 -0.6 479-> 317.0654 (bp); 302. 
0422; 274.0473; 245.0444; 
217.0493; 203.0341 
C22H23O12 279, 525 207.8 2 14,65 
49 Peonidin-O-hexoside#a,c [M]+ 17.64 463.1230 -1.5 463-> 301.0703 (bp); 
286.0462; 258.0525; 
230.0562; 201.0553 
C22H23O11 525 204.7 2 14,65 
50 Quercetin-O-hexoside-O-
deoxy-hexose*a,b,c,d 
[M-H]- 17.66 609.1456 
(bp) 









[M-H]- 17.86 609.1456 
(bp) 




C27H30O16 257, 352 231.0 1 Standard, 49 
52 Quercetin-O-
galactoside*#a,b,c,d  
[M-H]- 18.16 463.0877 -0.2 463-> 301.0332; 300.0267 
(bp); 271.0237; 255.0282; 
243.0278; 178.9978; 
151.0029 
C21H20O12 254, 351 198.5 
 
2 19,66 
53 Malvidin-O-hexoside#a,c [M]+ 18.37 493.1345 -0.8 493-> 331.0814 (bp); 
315.0495; 287.0544; 
270.0522; 242.0571 
C23H25O12 281, 527 212.8 2 14,65 
54 Isoquercetin (quercetin-3-O-
glucoside)*#a,b,c,d 
[M-H]- 18.42 463.0878 
(bp) 




C21H20O12 255, 351 198.5 
 
1 Standard; 19,66 
55 Kaempferol-O- hexoside-O-
deoxy-hexose*a,d 
[M-H]- 19.45 593.1531 
(bp) 
0.5 593-> 285.0406; 284.0318; 
255.0291; 159.0294 
C27H30O15 266, 346 228.7 3 14,67 
56 Quercetin-O-pentoside*#c [M-H]- 19.46 433.0760 1.2 433-> 301.0324; 300.0267 
(bp); 271.0247; 255.0280; 
243.0258; 151.0037 
C20H18O11 256, 351 193.0 3 19 
57 Isorhamnetin-O-hexoside-O-
deoxy-hexose isomer 1*c,d 
[M-H]- 19.63 623.1597 
(bp) 
-0.2 623-> 315.0490; 314.0417; 
300.0262; 299.0190; 
C28H32O16 253, 349 234.5 3 18 









[M-H]- 19.87 623.1601 
(bp) 
-0.8 623 -> 315.0489; 314.0411; 
300.0244; 271.0234; 
255.0280; 243.0292 
C28H32O16 253, 351 235.7 3 18 
59 Kaempferol-3-O-
glucoside*a,c,d 
[M-H]- 20.20 447.0920 
(bp) 
1.3 447-> 285.0374; 284.0322; 
255.0288; 159.0299 





[M-H]- 20.32 477.1033 
(bp) 
0.0 477 -> 315.0476; 314.0410; 
271.0226; 243.0280; 
159.0273 
C22H22O12 268, 345 205.3 
 
3 18 
61 Quercetin-O-deoxy-hexose*b [M-H]- 20.37 447.0919 -2.2 447 -> 301.0323; 300.0263 
(bp); 271.0235; 255.0302; 
243.0288; 178.9968; 
151.0019 
C21H20O11 253, 347 192.8 3 19 
62 Isorhamnetin-O-
glucoside*#a,d 
[M-H]- 20.67 477.1033 
(bp) 
-0.6 477 -> 315.0471; 314.0437; 
271.0262; 243.0284 
C22H22O12 268, 341 205.3 
 
3 18 
63 Isorhamnetin-O-pentoside*c [M-H]- 21.76 447.0927 
(bp) 
0.0 447 -> 315.0463; 314.0437; 
271.0255; 243.0294 





[M-H]- 22.37 431.0978 1.9 431 -> 285.0393 (bp); 
284.0378; 255.0313 
C21H20O10 263, 340 193.0 
 
3 15 
65 Isorhamnetin*b [M-H]- 26.17 315.0503 0.3 315 -> 300.0265 (bp); 
271.0240; 255.0296; 
243.0306; 153.0183 
C16H12O7 268, 350 162.6 2 47 
66 Diosmetin*a,b,c,d [M-H]- 29.40 299.0557 
(bp) 
0.7 299 -> 284.0308; 255.0290; 
227.0343; 209.1178 
C16H12O6 265, 347 161.1 2 47 
Unknown 
67 205_9.87*a,b,c,d [M-H]- 9.87 205.0713 -0.5 205-> 143.0709; 129.0553; 
115.0760 (bp) 
C8H14O6 279 126.4 4 MSE 
* detected in leaf tissue; # detected in bract tissue; a-d specify compounds detected in a P. neriifolia, b P. cynaroides (King Protea), c black beauty 
and d limelight. 




A precursor ion (10) at m/z 153.0203 (C7H6O4) was observed to elute at tR 8.81 min with two 
UV maxima at ≈ 259 and 293 nm and a TWCCSN2 value of 107.5 Å2. The fragments observed at 
m/z 152.0066, 109.0301 (bp) and 108.0206 are characteristic of protocatechuic acid (as 
discussed above),13 as this compound was tentatively identified.  
Two isomeric compounds, 11 and 13, were detected at m/z 329.0862 (C14H18O9) at tR’s 8.98 
and 9.53 min; 11 showed two UV maxima at ≈ 253 and 290 nm, and 13 a UV maximum at ≈ 282 
nm. The high collision energy spectrum for 11 showed fragment ions at m/z 167.0331 (bp), 
152.0108, 123.0422 and 108.0188, where: 1) m/z 167.0331 (C8H8O4) was assigned to vanillic 
acid, which resulted from the neutral loss of a hexose moiety, 2) m/z 152.0108 results from the 
neutral loss of a methyl group (-15 Da) from vanillic acid, 3) the decarboxylation of vanillic acid 
produces the fragment ion at m/z 123.0422, and 4) subsequent decarboxylation of the 152.0108 
fragment produces the product ion at m/z 108.0188. Based on these observations, 11 was 
tentatively identified as vanillic acid-O-hexoside. Vanillic acid has been identified as a leaf 
constituent of Protea lacticolor.59 A vanillic acid standard (tR 13.28 min) was analysed under the 
same conditions and showed the same fragments at m/z 167.0331, 152.0108, 123.0422 and 
108.0188 (although vanillic acid itself was not detected in any of the extracts). The TWCCSN2 value 
of 177.7 Å2 calculated for 11 is larger than that of 171.0 Å2 reported by Yang et al. for vanillic acid-
O-glucoside.49 Compound 13 produced fragment ions at m/z 287.0754 and 125.0222 (bp). The 
ion at m/z 287.0754 likely results from the neutral loss of an acetyl moiety (-42 Da), and the ion 
at m/z 125.0222 from the subsequent neutral loss of a hexose moiety. This fragmentation 
behavior is similar to that discussed earlier for phlorin (1) and hydroxyquinol-O-glucoside (4). 
Hydroxyquinol-O-glucoside (4) was observed to be abundant in the Protea species studied; 13 
was therefore tentatively annotated as hydroxyquinol-O-glucoside-O-acetyl. 
Two isomeric peaks (15 and 18) eluting at tR’s 10.60 and 12.48 min were observed to have the 
m/z 283.0808 (C13H16O7), with the UV maxima at ≈ 260 nm and TWCCSN2 values of 157.4 and 
161.1 Å2, respectively. MSE spectra showed product ions at m/z 137.0228 and 93.0324, resulting 
from the neutral loss of 146 Da from the precursor ion and from the decarboxylation of the m/z 
137.0228 fragment ion, respectively. The 146 Da neutral loss is characteristic of a deoxy-hexose 
(C6H12O5) sugar moiety. Perold et al. identified p-hydroxybenzoic acid as a leaf constituent of 
Protea lacticolor.59 Accordingly, the ion at m/z 137.0228 (C7H6O3) was tentatively assigned to p-
hydroxybenzoic acid,13 and 15 and 18 were tentatively annotated as p-hydroxybenzoic acid-O-
deoxy-hexose isomers.  




Four peaks (21, 23, 24 and 28) eluting at tR’s 13.34, 13.66, 13.89 and 14.64 min showed a 
molecular ion at m/z 423.0989 (C19H20O11) with UV maxima at ≈ 260 nm. For 21, 23 and 28, the 
MSE spectra showed fragments at m/z 153.0184, 125.0225 and 109.0301. The ion at m/z 
153.0184 (C7H6O4) was assigned as protocatechuic acid (as discussed earlier for compounds 8, 
9, 10 and 12), while the ion at m/z 125.0225 (C6H6O3) is characteristic of hydroxyquinol (as 
discussed above for compound 4), and the ion at m/z 109.0301 results from decarboxylation of 
the protocatechuic acid fragment ion at m/z 153.0184. Thus, these peaks were annotated as 
protocatechuic acid-O-hexoside-O-hydroxyquinol isomers with similar TWCCSN2 values (184.1, 
187.0 and 184.1 Å2, respectively). Compound 24 revealed fragment ions at m/z 281.0659 (bp), 
137.0235 and 93.0323 and a TWCCSN2 value of 194.6 Å2. Fragment ions at m/z 137.0235 and 
93.0323 are characteristic of p-hydroxybenzoic acid (C7H6O3), as discussed above and noted by 
Fang et al.,13 which indicates a hexose attached to both p-hydroxybenzoic acid and a tetra-
hydroxylated benzene derivative as a likely structure. 
Two related compounds (26 and 32) eluting at 14.25 and 17.68 min with molecular ions at m/z 
437.1074 (C20H22O11) and UV maxima ≈ 263 were also detected. TWCCSN2 values were calculated 
as 191.4 and 182.3 Å2, respectively. Product ions observed were at m/z 153.0193, 139.0394 and 
109.0286, representing 1) protocatechuic acid (m/z 153.0193), 2) protocatechuic alcohol (m/z 
139.0394), and 3) the decarboxylated protocatechuic acid fragment (m/z 109.0286). From these 
fragment ions, the two isomeric peaks were tentatively annotated as protocatechuic acid-O-
hexoside-O-protocatechuic alcohol isomers.47  
30, 31, 33, 36 and 39 are isomers showing identical molecular ions at m/z 391.1030 (C19H20O9). 
The former, 30 and 31, showed UV maxima at ≈ 280 nm and TWCCSN2 values of 176.5 Å2, and 
their MSE spectra showed fragments at m/z 281.0673, 137.0223, 109.0282 and 93.0330, where 
fragments at m/z 137.0223 and 93.0330 are characteristic of p-hydroxybenzoic acid and m/z 
109.0282 suggests the presence of hydroquinone. These compounds were therefore tentatively 
annotated as p-hydroxybenzyl-O-arbutin isomers. Compounds 33, 36 and 39 showed a UV 
maxima ≈ 280 nm and fragment ions at m/z 287.0748, 125.0242 (bp) and 121.0267, where the 
ions at m/z 287.0748 and 125.0242 are characteristic of hydroxyquinol-O-glycoside (compound 
4) and the ion at m/z 121.0267 (C7H6O2) is annotated as benzoic acid. Perold and Carlton 
identified the phenolic glycoside ester of hydroxyquinol and benzoic acid, named neriifolin, in P. 
neriifolia leaves by NMR.9 Thus, 33, 36 and 39 were assigned as neriifolin isomers.  
Five isomeric peaks detected at m/z 405.1214 (34, 35, 37, 40 and 41) showed the molecular 
formula C20H22O9. Compounds 34, 40 and 41 showed fragment ions at m/z 287.0725 and 




125.0242 characteristic of hydroxyquinol-O-hexoside. These three peaks (tR’s 20.37, 22.05 and 
22.54 min, respectively) were tentatively annotated as isomers of an unknown hydroxyquinol-O-
glycoside derivative (TWCCSN2 values of 187.3, 187.3 and 188.9 Å2, respectively). Compounds 35 
and 37 eluted at tR’s 21.17 and 21.49 min, with calculated TWCCSN2 values of 191.9 and 193.4 Å2, 
respectively. These two peaks showed fragments at m/z 139.0372 and 121.0273, which represent 
protocatechuic alcohol and benzoic acid, respectively. Perold et al. identified metabolites 
lacticolorin in the leaves of P. lacticolor59 and pilorubrosin in the beard (tufts) of P. rubropilosa;62 
these two metabolites are phenolic glycoside esters of benzoic acid (m/z 121.0273) and 
protocatechuic alcohol (m/z 139.0372). The glycosidic core differentiates these compounds, with 
lacticolorin containing glucose and pilorubrosin containing (+)-allose. 35 and 37 were therefore 
annotated as lacticolorin or pilorubrosin, although the individual peaks could not be assigned 
based on the RP-LC retention.  
Compound 38 eluted at tR’s 21.51 min with a precursor ion at m/z 375.1069 (C19H20O8) and a 
TWCCSN2 value of 183.3 Å2. The product ions observed were at m/z 121.0277, 109.0262 and 
108.0198 (bp), with the latter two ions characteristic of hydroquinone, while the ion at m/z 
121.0277 (C7H6O2) was tentatively annotated as belonging to benzoic acid. A phenolic glycoside 
ester of hydroquinone and benzoic acid, called eximin, was previously identified in P. eximia 
leaves.4,63 Compound 38 was therefore tentatively assigned as eximin. 
3.3.1.2. Hydroxycinnamic acid derivatives 
Compounds 14 and 19 with tR’s at 10.01 and 12.54 min, respectively, showed isomeric 
precursor ions at m/z 353.0873 (C16H18O9). These isomers displayed UV spectra characteristic of 
hydroxycinnamic acids, with maxima at ≈ 328 and 325 nm, respectively; calculated TWCCSN2 
values were 165.4 and 177.2 Å2. For 14, the MSE spectra revealed ions at m/z 191.0548, 179.0353 
and 135.0442, which are characteristic of the chlorogenic acid, 3-caffeoyl-O-quinic acid. The 
intense fragment ion at m/z 191.0548 corresponds to a quinic acid fragment resulting from the 
neutral loss of the caffeoyl moiety (-162 Da), whereas the m/z 179.0353 ion represents caffeic 
acid following the neutral loss of a quinic acid moiety (-174 Da), and the ion at m/z 135.0442 
resulted from the decarboxylation of the caffeic acid moiety.60 The abundance of the ion at m/z 
191.0548 (bp) compared to m/z 179.0353 (50% relative abundance) is characteristic of 3-
caffeoylquinic acid, as this compound was identified.61 Compound 19 showed an intense, lone 
quinic acid product ion at m/z 191.0548, consistent with the fragmentation behavior of 5-caffeoyl-
O-quinic acid, as was confirmed by injection of a reference standard. Furthermore, the TWCCSN2 




value for 19 correlated well with that reported for a 5-caffeoyl-O-quinic acid standard analysed by 
Yang et al.49  
Compounds 16 and 29, eluting at tR’s 11.69 and 14.76 min, both displayed UV maxima of ≈ 
310 nm and molecular formulae of C16H18O8 (m/z 337.0898). Compound 16 showed fragments at 
m/z 191.0573, 163.0396 (bp) and 119.0487. The quinic acid fragment at m/z 191.0573 results 
from the neutral loss of a p-coumaroyl moiety (-146 Da), while the ion at m/z 163.0396 
corresponds to a p-coumaric acid fragment following neutral loss of quinic acid and the ion at m/z 
119.0487 results from the decarboxylation p-coumaric acid. The relative abundance of the p-
coumaroyl fragment in the high collision energy spectrum of 16 allowed the putative identification 
of this peak as the chlorogenic acid, 3-p-coumaroyl-O-quinic acid.61 In contrast, 29 showed a lone 
intense fragment at m/z 191.0573 (quinic acid) characteristic of 5-p-coumaroyl-O-quinic acid.61 
Both compounds showed two distinct IM signals with different arrival times, Supplementary; 
Figure S3.4. The TWCCSN2 measurements yielded 175.9 and 160.3 Å2 for 16 and 180.8 and 162.1 
Å2 for 29. As noted by Kuhnert et al. for caffeoylquinic acids, the two arrival time signals for each 
compound likely correspond to prototropic isomers where ionisation occurs at either the phenolate 
of p-coumaric acid or the carboxylate of quinic acid.34 
Compounds 17 and 22 showed molecular ions at m/z 355.1039 (C16H20O9) and UV maxima at 
≈ 293 nm. Their MSE spectra showed fragment ions at m/z 193.0493 (C10H10O4, resulting from 
the neutral loss of a hexoside moiety) and m/z 134.0368. These fragments are characteristic of 
the hydroxycinnamic acid, ferulic acid,13 with the ion at m/z 134.0368 resulting from the 
decarboxylation of the demethylated feruloyl moiety (178 Da). Thus, these metabolites were 
annotated as feruloyl-O-hexoside isomers. The major difference observed in TWCCSN2 values for 
these compounds suggests that they are geometrical isomers, in which case the later eluting 
peak, 22, would be the cis isomer (168.9 Å2), and earlier eluting peak, 17, the trans isomer (194.3 
Å2). 
Compound 20 eluted at 12.83 min and was characterised by a molecular ion at m/z 367.1043 
(C17H20O9), a UV maximum of ≈ 325 nm and a TWCCSN2 values of 176.0 Å2. Product ions were 
detected at m/z 193.0498 (bp), 191.0502 and 134.0365. The ion at m/z 193.0498 (C10H10O4) is 
characteristic of ferulic acid following the loss of a quinic acid moiety, whereas the ion at m/z 
191.0502 represents quinic acid following the neutral loss of the ferulic acid moiety (-176 Da) and 
decarboxylation of the demethylated feruloyl moiety (178 Da) results in the ion at m/z 134.0365. 
The relative abundance of the fragment ion at m/z 193.0498, as well as the absence of an ion at 
m/z 173, allowed assignment of this compound ion as 3-feruloyl-O-quinic acid.61  




The isomeric compounds 25 and 27, eluting at 14.05 and 14.42 min, respectively, both showed 
molecular ions at m/z 325.0934 (C15H18O8) and UV maxima at ≈ 325 nm (Figure 3.3). Fragment 
ions were observed at m/z 179.0350, 161.0247 (bp), 135.0451 and 133.0299 (Figure 3.3D). The 
ions at m/z 179.0350 and 135.0451 are diagnostic for caffeic acid,68 although the highly abundant 
m/z 161.0247 (C9H6O3) and m/z 133.0299 ions are not. Both isomers showed two distinct IM 
arrival time distributions (Figure 3.3C), corresponding to calculated TWCCSN2 values of 176.1 and 
158.7 Å2, respectively, suggesting the presence of tautomeric anions (i.e., the equivalent of 
prototropic isomers34 for deprotonated species in negative ionisation) for both 25 and 27.  This is 
supported by the fact that the same behavior was observed on the drift tube IMS instrument 
(DTCCSN2 values of 181.6 and 165.5 Å2, respectively).  
Compound 25 was the most abundant metabolite detected in the other 33 Protea samples 
studied (results to be reported elsewhere Chapter 4), pointing to its potential use as a chemo-
taxonomic marker. Since this compound could not be identified based on the available data, it 
was isolated by preparative HPLC (section 3.2.3.6) and its structure elucidated by NMR (section 
3.2.3.7).   
Isolated, dried 25, reconstituted in DMSO-d6 yielded a 1H NMR spectrum displaying aromatic 
protons (δ 6-8 ppm) that are coupled through a classic ABX spin system as H-2 (δ 7.05, d, J = 
2.0 Hz), H-6 (δ 7.02, dd, J = 8.0, 2.0 Hz) and H-5 (δ 6.76, d, J = 8.0 Hz); a characteristic tri-
substituted benzene ring. This region also had two distinctive single-proton doublets, H-7 (δ 7.46, 
d, J = 15.9 Hz) and H-8 (δ 6.28, d, J = 15.9 Hz), displaying the unique vicinal 3J = 15.9 Hz coupling 
constant of a trans orientated double bond. The classical carbohydrate region between 3-5 ppm 
integrated for another eight protons reminiscent of a sugar or open oxygenated chain moiety. 
These protons, as assigned by 1D and 2D NMR experiments, are summarised in Table 3.3. The 
13C NMR spectra displayed 15 distinct carbon signals in line with the proposed molecular formula 
of C15H18O8. One carbonyl carbon resonated at δ 166.5 ppm, and six aromatic and two double 
bond carbons between 113-149 ppm. Another six aliphatic upfield carbon signals between 64-79 
ppm reminiscent of a hexose sugar or an open ring/chain moiety. The remaining five protons 
comprise two aromatic and three aliphatic OH-groups resonating at δ 9.59, 9.11, 5.14, 4.99 and 
4.95 ppm, all which were in line with the observed molecular weight of 326 g/mol (m/z 325.0911, 
[M-H]-) and the predicted molecular formula of C15H18O8.  





Figure 3.3: A) Chromatogram at 325 nm, B) extracted ion chromatogram at m/z 325, C) arrival 
time vs. retention time plots for m/z 325, and D) MSE spectrum (identical for both species) showing 
the detection of the isomers of caffeoyl-O-polygalatol (1,5-anhydro-[6-O-caffeoyl]-
sorbitol(glucitol)) (25 and 27).   
 
  



























Position δH δC OH 
1   125.47   
2 7.05 d (2.0) 114.96   
3   145.53 9.59 s 
4   148.39 9.11 s 
5 6.76 d (8.0) 115.73   
6 7.02 dd (8.0, 2.0) 121.30   
7 7.46 d (15.9) 145.25   
8 6.28 d (15.9) 113.80   
9   166.55   
1'a 3.73 dd (10.9, 5.3) 
69.52 
  
1'b 3.02 t (10.7)   
2' 3.27 m   69.67 4.94 d (4.6) 
3' 3.11 m  78.16 5.13 d (5.4) 
4' 3.07 m  70.28 4.99 d (4.2) 
5' 3.38 m 78.30   
6'a 4.39 dd (11.7, 1.3) 
64.50 
  
6'b 4.07 dd (11.9, 6.7)   
 
The structure of 25 was elucidated in full utilising 1H, 13C, TOCSY, gHSQCAD and gHMBCAD 
NMR experiments recorded in DMSO-d6. The tri-substituted aromatic ring is confirmed by the 
shared vicinal coupling constants and the TOCSY correlations (Figure 3.4) between H-6 (δ 7.02, 
dd, J = 8.0, 2.0 Hz) and H-5 (δ 6.76, d, J = 8.0 Hz), together with correlation between H-2 (δ 7.05, 
d, J = 2.0 Hz) and H-6 (δ 7.02, dd, J = 8.0, 2.0 Hz). The COSY spectrum couples H-7 (δ 7.46, d, 
J = 15.9 Hz) and H-8 (δ 6.28, d, J = 15.9 Hz) and their trans orientation is deduced from the large 
15.9 Hz coupling constant measured. The UV spectrum of 25, Supplementary Figure S3.5, 
confirms the presence of an hydroxycinnamic acid group. Isolated novel ferulic acid saccharides 
reported by Colquhoun et al. also affirms the caffeic acid moiety of 25 by almost identical 1H NMR 
spectra in the aromatic region of the 6’-O-(trans-feruloyl) linked ester moeities.69 Due to the 




extensive overlap of the hexose ring protons, some of their TOCSY correlations shown in Figure 























Figure 3.4: Key TOCSY plot and 2-4JH-H correlations for compound 25 in DMSO-d6 at 25˚C. 
 
 
The HSQC 1JC-H experiment confirmed all the protonated carbons as well as their multiplicity 
(Figure 3.5, Red = CH/CH3, Blue = CH2) (Table 3.3). The experiment displayed nine CH groups 
and two CH2 groups, in line with the proposed structure of 25 and the molecular formula. This left 
four unprotonated carbons to be assigned via long range proton-carbon correlations in the HMBC 
2,3JC-H experiment.  





Figure 3.5: HSQC 1JC-H correlations for compound 25 in DMSO-d6 at 25˚C. Red = CH/CH3, Blue 
= CH2. 
 
The HMBC NMR experiment for 25 (Figure 3.6) establishes the position of the double bond 
linked directly to the aromatic ring on one side and, in turn, to the carbonyl functionality on the 
other side. H-7 (δ 7.46, d, J = 15.9 Hz) couples to both C-6 (δ 121.30 ppm) and C-2 (δ 114.96 
ppm) on the aromatic ring, and H-8 (δ 6.28, d, J = 15.9 Hz) in turn correlates to C-1 (δ 125.47 
ppm) and the carbonyl C-9 (δ 166.55 ppm).  

























Figure 3.6: HMBC plot and key 2,3JC-H correlations for compound 25 in DMSO-d6 at 25˚C. 
 
Both H-6’a (δ 4.39, dd, J = 11.7, 1.3 Hz) and H-6’b (δ 4.07, dd, J = 11.9, 6.7 Hz) protons of the 
hexose moiety have long range correlations to the carbonyl carbon, thus confirming the ester 
linkage to the caffeic acid moiety via C-6’ (δ 64.5 ppm).  
Since the protons of the hexose moiety show extensive signal overlap in the 1H NMR spectra 
(3.0-3.5 ppm), the NOESY NMR experiments were of limited use to solve and identify the type of 
anhydrohexose linked to the caffeoyl moiety (i.e., anhydroglucitol, anhydrogalactitol, 
anhydromannitol, etc.). These hexose moieties can be identified based on the specific NOE’s 




observed between their axial ring protons. Here the relative 13C chemical shifts of our hexose unit 
were utilised and positively matched with 1,5-anhydroglucitol in literature.70  
The nearest analogue of compound 25 found in literature is 1,5-anhydro-[6-O-(3,4,5-
trimethoxycinnamoyl)]-D-glucitol (tenuifoliside D), published by Ikeya et al.71 Only the aromatic 
ring of this molecule differs by having three methoxy groups on the 3,4,5-carbons, whereas 
compound 25 has two OH-groups on the C-3 and C-4 positions. The relative 1H and 13C chemical 
shifts of their 1,5-anhydro-glucitol (1,5-anhydro-sorbitol) moiety were found to closely match those 
of our hexose unit.  
In addition to the anhydroglucitol moiety match in literature,71,72 the sequential connectivity, as 
well as the cyclic nature of the anhydrohexose was then confirmed by the HMBC 2,3JC-H 
experiment (Figure 3.6). Coupling is observed from H-6’b (δ 4.07, dd, J = 11.9, 6.7 Hz), in the 
HMBC experiment, to C-5’ (δ 78.3 ppm) and from H-6’a (δ 4.39, dd, J = 11.7, 1.3 Hz) to C-4’ (δ 
70.28 ppm). H-1’a (δ 3.73, dd, J = 10.9, 5.3 Hz) shows coupling to C-2’ (δ 69.67 ppm) and C-3’ 
(δ 78.16 ppm). The cyclical nature of the heterocyclic 1,5-anhydroglucitol is confirmed by the long-
range coupling between H-1’a (δ 3.73, dd, J = 10.9, 5.3 Hz), H-1’b (δ 3.02, t, J = 10.7 Hz) and C-
5’ (δ 78.30 ppm).  
In conclusion, the novel molecular structure of 25 was determined as 1,5-anhydro-[6-O-caffeoyl]-
glucitol via 1D and 2D NMR experiments together with the use of analogue structures in 
literature.69–72 With this information in hand, the fragmentation pattern of 25 is proposed in 
Supplementary Figure S3.6:  the fragment at m/z 179.0350 (caffeic acid, C9H8O4) resulted from 
the neutral loss of the dehydrated polygalatol moiety (blue route), and the ion at m/z 161.0247 
results from the neutral loss of the polygalatol moiety from the precursor or the dehydration of the 
fragment at m/z 179.0350 (red route).  The secondary fragments at m/z 135.0451 and 133.0299 
are produced from the decarboxylation of the caffeoyl moiety (m/z 179.0350) and the loss of a 
carbonyl moiety (-28 Da) from the ion at m/z 161.0247, respectively. Bieleski and Briggs studied 
the distribution of polyol sugars across Proteaceae members, and polygalatol was observed to 
be present only in South African genera of this family.10 
3.3.2. Flavonoid derivatives  
3.3.2.1. Flavan-3-ols 
At m/z 577.1327, two peaks (42 and 45) eluting at tR’s 11.25 and 13.37 min were detected, 
corresponding to molecular formulae of C30H26O12 ([M-H]-). UV maxima for these compounds were 
at ≈ 279 nm, and TWCCSN2 values of 220.1 Å2 were calculated for both. The MSE spectra showed 




fragment ions at m/z 425.0819, 407.0695, 289.0684, 245.0798 and 125.0219 (bp). These data 
are characteristic of B-type procyanidins;16,64 42 and 45 were therefore identified as B-type 
procyanidins. Compounds 43 and 46 (m/z 289.0714, C15H14O6, UV maxima at ≈279 nm and 
TWCCSN2 values 150.1 Å2) were unambiguously identified as (+)-catechin and (-)-epicatechin, 
respectively, by co-injection of authentic standards.  
3.3.2.2. Anthocyanins 
Five peaks (44, 47, 48, 49 and 53) with UV maxima of ≈520 nm characteristic of anthocyanins, 
were detected in extracts from the bracts and beards (tufts) of black beauty and P. neriifolia. In 
positive ionisation, these five peaks showed precursor ions ([M]+) at m/z 465.1032 (C21H21O12), 
449.1084 (C21H21O11), 479.1181 (C22H23O12), 463.1230 (C22H23O11) and 493.1345 (C23H25O12). All 
of these species showed the loss of a neutral hexoside moiety in their high collision energy 
spectra, with aglycones detected at m/z 303.0502 (C15H11O7, 44), m/z 287.0555 (C15H11O6, 47), 
m/z 317.0654 (C16H13O7, 48), 301.0703 (C16H13O6, 49) and m/z 331.0814 (C17H15O7, 53). These 
aglycone fragments and their molecular formulae are consistent with the anthocyanidins 
delphinidin (44), cyanidin (47), petunidin (48, with a secondary ion at m/z 302.0422 due to the 
loss of a methyl group), peonidin (49, with m/z 286.0462 due to demethylation), and malvidin (53, 
with a secondary ion at m/z 315.0495 due to loss of a methyl moiety), respectively. The five 
detected anthocyanins were therefore tentatively identified as delphinidin-O-hexoside (44), 
cyanidin-O-hexoside (47), petunidin-O-hexoside (48), peonidin-O-hexoside (49) and malvidin-O-
hexoside (53).14,65 The TWCCSN2 value measured for cyanidin-O-hexoside  (201.3 Å2) was close 
to that of cyanidin-3-O-galactoside reported by Yang et al. (201.6 Å2),49 and a DTCCSN2 value for 
the [M+] ion in positive ion mode by Causon et al. (202.7 Å2).73  Similarly, comparable TWCCSN2 for 
44, 48, 49 and 53 were measured in the current work compared to DTCCSN2 values of the 
corresponding compounds in wine.73 To the best of our knowledge this is the first scientific report 
of the anthocyanin distribution (44, 47, 48, 49 and 53) in Protea species. 
3.3.2.3. Flavonols 
Several compounds of this class were detected; all showed typical flavonol UV spectra with 
two absorbance maxima at ≈ 250 and 350 nm. Extracted ion chromatograms at m/z 609.456 
(C27H30O16, [M-H]-), showed two peaks at tR’s 17.66 (50) and 17.86 (51) min. MSE spectra showed 
fragment ions at m/z 301.0328, 300.0266, 271.0239, 255.0288, 243.0347, 178.9954 and 
151.0012. These fragments are characteristic of quercetin, where the ion at m/z 301.0328 
represents the aglycone resulting from the neutral loss of the disaccharide (hexoside-O-deoxy-
hexose, -308 Da), and m/z 300.0266 the corresponding radical aglycone.60,67 Compound 51 was 




identified as rutin (quercetin-3-O-rutinoside (α-L-rhamnopyranosyl-(1→6)-β-D-glucopyranose)) 
using an authentic standard; 50 is tentatively  identified as quercetin-O-hexoside-O-deoxy-
hexose, possibly quercetin-neohesperidoside (α-L-rhamnopyranosyl-(1→2)-β-D-glucopyranose)  
based on its earlier elution. Yang et al. reported TWCCSN2 values of 230.6 Å2 for both rutin and 
quercetin-3-O-neohesperidoside, which is comparable to the values of 232.2 and 231.0 Å2 
obtained for 50 and 51 in the present study.49 Several related peaks with similar MSE fragments 
indicative of the presence of quercetin derivatives were also detected. The isomeric compounds 
52 and 54 were detected at m/z 463.0877 (C21H20O21), with the aglycone at m/z 301.0328 resulting 
from the neutral loss of a hexose moiety indicating quercetin-O-hexoside isomers.19,66 The 
calculated TWCCSN2 value was for 198.5 Å2 for both peaks. Compound 52 was tentatively identified 
as quercetin-O-galactoside and compound 54 as isoquercetin (quercetin-3-O-glucoside) based 
on the known elution order of these compounds under reversed phase conditions;66 54 was 
subsequently unambiguously identified by the co-injection of an authentic standard. Compound 
56 eluted at 19.46 min, with a molecular ion at m/z 433.0760 (C20H18O11), a TWCCSN2 value of 
193.0 Å2 and an aglycone fragment at m/z 301.0328 in its MSE spectrum indicating the neutral 
loss of a pentose moiety (-132 Da). Thus, this peak was tentatively annotated as quercetin-O-
pentoside.19 Similarly, the MSE spectrum of 61 (precursor ion at m/z 447.0919, C21H20O11, 
TWCCSN2 value of 192.8 Å2) showed fragment ions characteristic of quercetin, corresponding to 
the neutral loss of the deoxy-hexose moiety (-146 Da), thus this peak was tentatively annotated 
as quercetin-O-deoxy-hexose.19  
A precursor ion at m/z 593.1531 (C27H30O15) was detected for compound 55, with two UV 
maxima at ≈ 266 and 346 nm, and a TWCCSN2 value of 228.7 Å2. MSE fragment ions at m/z 
285.0406, 284.0318, 255.0291 and 159.0294 are characteristic of kaempferol, with the ion at m/z 
285.0406 (C15H10O6) representing the aglycone and m/z 284.0318 the radical aglycone.14,67 The 
aglycone resulted from the neutral loss of the hexoside-O-deoxy-hexose moiety (-308 Da), and 
this compound was therefore tentatively annotated as kaempferol-O-hexoside-O-deoxy-hexose. 
Compound 59 (m/z 447.0920 (C21H20O11), TWCCSN2 values 197.3 Å2) showed MSE fragments at 
m/z 285.0374, 284.0322, 255.0288 and 159.0299 with the aglycone (m/z 285.0374) resulting from 
the loss of a hexose moiety. This peak was thus tentatively annotated as kaempferol-O-hexoside. 
The relative RP-LC retention of this compound compared to 55 and 58 is consistent with that of 
kaempferol-3-O-glucoside.14 Compound 64 showed a precursor ion at m/z 431.0978 (C21H20O10), 
TWCCSN2 value of 193.0 Å2 and its MSE spectrum showed fragments characteristic of kaempferol 
(m/z 285.0374 (bp), 284.0322, and 255.0288) following the neutral loss of a deoxy-hexose moiety 
(-146 Da). This peak was tentatively annotated as kaempferol-O-deoxy-hexoside.15  




A final group of flavonols showed fragmentation data consistent with isorhamnetin.47 
Compounds 57 and 58 showed molecular ions at m/z 623.1597 (C28H32O16) and fragment ions at 
m/z 315.0490 (C16H12O7), 314.0417, 300.0262, 271.0233, 255.0296 and 243.0296. The aglycone 
(m/z 315.0490) and the radical aglycone (m/z 314.0417) fragments result from the neutral loss of 
the hexoside-O-deoxy-hexoside (-308 Da),18 and the secondary ion at m/z 300.0262 is formed by 
the subsequent loss of the methyl group. Thus, these two peaks were identified as isorhamnetin-
O-hexoside-O-deoxy-hexoside isomers. TWCCSN2 values of 234.5 and 235.7 Å2 were measured, 
respectively. Compounds 60 and 62 were detected at m/z 477.1033 (C22H22O12), with similar 
fragments (m/z 315.0490, 314.0417, 271.0233, 243.0296 and 159.0273) diagnostic of 
isorhamnetin and the aglycone resulting from the loss of the hexoside moiety. These isomers 
(TWCCSN2 value of 205.3 Å2) were, considering their relative elution order, tentatively annotated 
as isorhamnetin-O-galactose (60) and isorhamnetin-O-glucose (62).18 Similarly, the compound 
eluting at 21.76 min (63) showed fragment ions at m/z 315.0490, 314.0417, 271.0233 and 
243.0296 following the neutral loss of a pentose moiety (-132 Da), and was tentatively annotated 
as isorhamnetin-O-pentose. The TWCCSN2 value was calculated as 198.7 Å2. Finally, an aglycone 
compound eluting at 26.17 min (65) was characterised by MS data (precursor ion at m/z 315.0490 
(C16H12O7), TWCCSN2 value of 162.6 Å2, product ions at m/z 300.0262, 271.0233, 255.0296, 
243.0296 and 153.0183, with the diagnostic ion at m/z 300.0262 resulting from the loss of a methyl 
group from the precursor ion) as isorhamnetin.47 
3.3.2.4. Flavone 
Compound 66, eluting at 29.40 min with a precursor at m/z 299.0557 (C16H12O6), showed a 
UV spectrum typical of a flavone, with a maximum at ≈340 nm. The fragments observed for this 
peak were at m/z 284.0308, 255.0290, 227.0343 and 209.1178. These fragments, resulting from 
consecutive losses of methyl and CO moieties,74 are characteristic of the flavone diosmetin,47 as 
which this compound was tentatively identified.  
3.3.3. Drift tube ion mobility spectrometry (DTIMS)  
Comparison of the experimentally determined TWCCSN2 values with the CCS values 
determined on a low-field drift tube instrument (DTCCSN2) for selected compounds 
(Supplementary; Table S3.1), indicate that the CCS values determined using a travelling-wave 
instrument are often underestimated (~3-4 Å2 lower) when compared with the DTCCSN2 values for 
compounds with CCS values below 200 Å2. On the other hand, for higher CCS values, good 
agreement is obtained between both instruments (cf. compound 50). Good agreement with 
literature CCS values was also observed for larger CCS values (see flavonoids above). We 




suspect that the lower TWCCSN2 values for smaller ions is a consequence of poor calibration 
performance using poly-alanine in this region on the TWIMS instrument. However, recent 
progress in the theory of TWIMS-MS calibration may offer improvements for this type of 
comparison in the near future.75  
 
3.4. Conclusion 
This study reports the first detailed phytochemical investigation of pure and hybrid Proteas. By 
exploiting the latest technological developments, an untargeted UPLC-PDA-IM-HR-MS approach 
was used for the comprehensive, if mostly tentative, metabolite identification based on relative 
reversed phase chromatographic retention, UV-Vis spectral data, low- and high collision energy 
HR-MS data and gas-phase CCS values. We report the presence of 67 phenolic compounds, 
including 41 phenolic acid esters and 25 flavonoid derivatives (including 5 anthocyanins) in Protea 
species, and 27 of these compounds (21, 23, 25, 26, 27, 28, 30, 31, 32, 42, 44, 45, 46, 47, 48, 
49, 53, 55, 57, 58, 59, 60, 62, 63, 64, 65 and 66) are reported for the first time in these species. 
A new hydroxycinnamic acid derivative, a major constituent of the samples investigated here, was 
identified as caffeoyl-O-polygalatol (1,5-anhydro-[6-O-caffeoyl]-sorbitol(glucitol)) following 
isolation and 1D and 2D NMR characterization. This compound and its isomer (25 and 27) may 
serve as potential chemo-taxonomic markers, as previously polygalatol (1,5-anhydrosorbitol) was 
found only in South African indigenous Proteaceae species.10  The results differ significantly from 
the only recent report on other Proteaceae members.11,12 Significant differences in the levels of 
the compounds identified in the present work were also observed between the studied samples 
(Supplementary; Figure S3.3). Briefly, compounds like caffeoyl-O-polygalatol (25) were seen in 
varying levels in the plants studied, and (-)-epicatechin (46) was seen in high levels in the cultivar 
Black beauty and low in the rest of the plants. Anthocyanins are common in pigmented flowering 
plants,14,20 in this study anthocyanins were found in the pink to deep-red pigmented flowers.  This 
is, to the best of our knowledge, the first report of the anthocyanin (44, 47, 48, 49 and 53) 
composition in Protea species. There are many publications reporting on the presence of 
flavonoids in plants,13–21,40,42,60,65,66,74,76 with an estimated number of 8000 flavonoids having been 
discussed,76 however the combination of compounds (including the new compound) and the 
relative levels reported herein are unique. Current work on the detailed comparison of 
phytochemical profiles of a much larger set of Protea species will be reported elsewhere (Chapter 
4).   
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Supplementary information for: Detailed Phenolic Characterization of 
Protea Pure and Hybrid Cultivars by Liquid Chromatography−Ion 
Mobility−High Resolution Mass Spectrometry (LC-IM-HR-MS)  
 
  





Figure S3.1: Chemical structures of phenol, phenolic acid and hydroxycinnamic acid derivatives (tentatively) identified in the four 




Figure S3.2: Chemical structures of the flavan-3-ols, anthocyanidins, flavonols and flavone (tentatively) identified in the four studied 
Protea plants (pure species and hybrid cultivars).  






           
 
Figure S3.3: Box-and-whiskers plots showing the distribution of 42 different metabolites across two hybrid cultivars (Black beauty and 
limelight) and two pure species (P. neriifolia and P. cynaroides) in Table 3.1 (phenol and phenolic acid derivatives) and Table 3.2 (flavonoid 
derivatives).  All significant differences are based on ANOVA with p ≤ 0.01. 





Figure S3.4: Selected UPLC-PDA-IM-HR-MS data showing separation of 3-p-coumaroyl-O-
quinic acid (16) and 5-p-coumaroyl-O-quinic acid (29). A) shows the RP-LC chromatograms 
recorded at 310 nm, B) the extracted ion chromatogram (EIC) at m/z 337, and C) two distinct 
arrival time distributions for 16 (175.9 and 160.3 Å2) and 29 (180.8 and 162.1 Å2) likely 
corresponding to prototropic species for each compound.  
 
Figure S3.5: UV spectrum of compound 25.  





Figure S3.6: Schematic representation of the proposed fragmentation of caffeoyl-O-polygalatol 
(1,5-anhydro-[6-O-caffeoyl]-sorbitol(glucitol)) (25) and caffeoyl-O-polygalatol (1,5-
anhydrosorbitol(glucitol)) (27).  
 
Table S3.1: Comparison of CCS values measured for selected metabolites identified in Protea 
on a low-field drift tube instrument (DTCCSN2) and on a travelling wave instrument (TWCCSN2). 
Compound numbers correspond to Tables 3.1 and 3.2. 




32 Protocatechuic acid-O-hexoside-O-protocatechuic 
alcohol isomer 2 
[M-H]- 18.12 185.8 182.4 
33 Neriifolin (benzyl-O-hexoside-O-hydroxyquinol) 
isomer 1 
[M-H]- 20.33 187.7 184.6 
35 Lacticolorin/Pilorubrosin (benzyl-O-hexoside-O-
protocatechuic alcohol) isomer 1 
[M-H]-  21.78 195.1 191.9 
36 Neriifolin isomer 2 [M-H]- 22.00 190.0 186.0 
37 Lacticolorin/Pilorubrosin isomer 2 [M-H]-  22.22 196.2 193.4 
38 Eximin (6-O-benzyl-O-arbutin) [M-H]-  22.25 186.9 183.3 
50 Quercetin-O-hexoside-O-deoxy-hexose [M-H]- 17.66 232.9 232.2 
52 Quercetin-O-galactoside [M-H]- 18.29 201.9 198.5 
54 Isoquercetin (Quercetin-3-O-glucoside)  [M-H]- 18.61 202.2 198.5 
59 Kaempferol-3-O-glucoside [M-H]- 20.26 201.7 197.3 
61 Quercetin-O-deoxy-hexose [M-H]- 20.53 196.6 192.8 
63 Isorhamnetin-O-pentoside [M-H]- 21.93 203.2 198.7 
64 Kaempferol-O-deoxy-hexose [M-H]- 22.52 195.6 193.0 
a Retention times on the drift tube instrument (refer to section 3.2.3.4 for experimental details). 
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Chapter 4: Application of Metabolomics Tools to Determine 





The post harvesting disorder leaf blackening is the main cause of product rejection in Protea 
during export. In this study we report an investigation into metabolites associated with leaf 
blackening in Protea species. Methanol extracts of leaf and involucral bract tissue were analysed 
by liquid-chromatography hyphenated to photodiode array and high-resolution mass spectrometry 
(LC-PDA-HR-MS), where 116 features were annotated. Analytical data obtained from 37 Protea 
species, selections and hybrids were investigated using metabolomics tools, which showed that 
stems susceptible to leaf blackening cluster together and contained features identified as 
benzenetriol and/or hydroquinone derived metabolites. On the other hand, species, selections 
and cultivars not prone to blackening were linked to metabolites with known protective properties 
against biotic and abiotic stressors. During the browning process, susceptible cultivars also 
produce these protective metabolites, yet at innately low levels, which may render these species 
and cultivars more vulnerable to blackening. Metabolites that were found to be correlated to the 
instigation of the browning process, all comprising of benzenetriol- and hydroquinone-glycoside 
derivatives, are highlighted. The study provides preliminary insights to guide the development of 
new Protea cultivars not susceptible to leaf blackening.  
 





Protea, an international floricultural crop originating from the Cape Floristic Kingdom, are 
sought after for their large, striking inflorescence and perceived long vase life. Yet, most species, 
selections and cultivars of current commercial importance are prone, to varying extents, to the 
postharvesting disorder called leaf blackening, whereby the foliage develops distinct, dark brown 
to black discolorations.1 Blackening presents itself in four different ways: on the leaf-tip, mid-rib 
area, leaf-base, or lateral leaf margins.2 The manifestation of leaf blackening varies significantly 
between species3–5 and also between cultivars derived from these species.6–9 Leaf blackening 
can occur at any point of the postharvest marketing chain, resulting in the reduction of product 
quality and consignment rejection by importers.10 For this reason, causes of blackening have been 
studied extensively.3,6–8,11–13 The phenomenon has mostly been linked to a reduction in 
carbohydrate content,3,7,8,11–13 particularly a decline in sucrose levels in the leaves in response to 
a demand by the developing inflorescence.6 In the cultivar `Sylvia’ (P. eximia x P. susannae), on 
the other hand, a reduction in glucose content was considered the main link to blackening.7 
Enzymatic activity of polyphenol oxidases (PPOs)14–16 as well as non-enzymatic processes (such 
as the oxidation of phenolic compounds)17 are also understood as possible instigators of the 
blackening process. Despite previous research, the causes of blackening in Protea species, 
selections and cultivars are still not clearly understood. Most of the above mentioned studies 
looked at changes during the browning process at a physiological level,3,5,11–13,17 whereas changes 
at a metabolic level have yet to be studied.  
Untargeted metabolomics approaches can be used to obtain a detailed understanding of the 
intricate differences and similarities between biological samples.18–20 The untargeted approach 
allows the detection of a wide range of metabolites obtained from a single extract (or treatment), 
thus providing insight into an organism’s metabolome at different physiological and pathological 
states. Metabolomics has been discussed as a relevant approach to accelerate plant 
improvement in crop science.21 Plant metabolomics can aid in the selection of trait-specific 
markers to improve commercially important traits.20–23 For instance, commercially important apple 
cultivars have been differentiated based on their metabolite content;24 while metabolites linked to 
the resistance, tolerance and susceptibility of different tomato cultivars to microbial infections,20 
and the susceptibility of lettuce cultivars to browning22 have been identified. A metabolomics study 
on stored apples showed that increased levels of the primary metabolites (i.e. mannose and 
xylose) during postharvest enhanced the occurrence of the internal browning disorder.25 Such 
studies enhance the plant breeder’s ability to make informed decisions.  




In the present study, insight into the metabolic changes occurring during the leaf blackening 
process was acquired. Using an untargeted metabolomics approach, we report the metabolite 
distribution in 37 Protea plants (12 pure species, 10 species selections and 15 hybrid cultivars) 
obtained by the analytical platform ultra-high performance liquid chromatography-photodiode 
array-ion mobility-high resolution mass spectrometry (UPLC-PDA-IM-HR-MS) in combination with 
multivariate data analysis methods. 
 
4.2. Materials and methods   
4.2.1. Materials  
Authentic standards of vanillic acid (97%), caffeic acid (98%), (+)-catechin (99%), (-)-
epicatechin (99%), rutin (94%), 5-caffeoylquinic acid (95%) and isoquercitrin (90%) were 
purchased from Sigma-Aldrich (MO, USA). LC-grade acetonitrile (99.9%) and methanol (99.9%) 
were obtained from Romil (Cambridge, UK). Formic acid (98-100%) was obtained from Merck 
(MO, USA). Analytical-grade (Milli-Q) water was prepared from a Millipore water purification 
system and used in all assays and solutions. 
4.2.2. Samples 
One pure Protea species (Protea mundii) together with seven hybrid cultivars, namely 
‘Sharonette’ (P. eximia x P. susannae), ‘Black Beauty’ (Sheila (P. magnifica x P. burchellii) cross), 
‘Sylvia’ (P. eximia x P. susannae), ‘Susara’ (P. magnifica x P. susannae), ‘Carnival’ (P. compacta 
x P. neriifolia), ‘Limelight’ (P. neriifolia x P. burchellii) and ‘Pink Ice’ (P. compacta x P. susannae) 
were collected from the commercial farm “FynBloem” (34°09′01″S 19°54′52″E); seven Protea 
pure species (P. susannae, P. compacta, P. neriifolia, P. burchellii, P. obtusifolia, P. repens and 
P. cynaroides) were collected from the Harold Porter National Botanical Garden 
(34°21′06″S 18°55′37″E), whilst 22 Protea pure species, selections and hybrids including P. nitida, 
P. grandiceps, P. laurifolia, P. cordata, ‘Barbigera’ (P. magnifica selection), ‘Ice Queen’ (P. 
magnifica selection), ‘Venus’ (P. repens x P. aristata), ‘Brenda’ (P. compacta x P. burchellii), 
‘Cerise’ (P. magnifica x P. obtusifolia), ‘Robyn’ (P. glabra x P. laurifolia), ‘Liamarie’ (P. magnifica 
selection), ‘Red Magic’ (P. magnifica selection), ‘Suzanne’ (P. magnifica selection), ‘Lady Di’ (P. 
compacta x P. magnifica), ‘Chelsea’ (P. magnifica selection), ‘Crinkle Cut’ (P. magnifica 
selection), ‘Niobe’ (P. laurifolia x P. magnifica), ‘Maria’ (P. magnifica selection), ‘Didi’ (P. laurifolia 
x P. magnifica), ‘Sheila’ (P. magnifica x P. burchellii), ‘White Night’ (P. longifolia x P. repens) and 
‘Carli’ (P. magnifica selection) were collected from the Berghoff-fynbos farm (33°00′S 18°59′E). 




Standard cultivation practices for irrigation and nutrition were followed at Fynbloem and Berghoff-
fynbos, as recommended for Cape Flora production on nutrient poor soils under Mediterranean-
like climatic conditions,26 whereas inflorescences collected from the Harold Porter National 
Botanical Garden were obtained from a wild population. A list of the samples is included in the 
supplementary information (Table S4.1, Supplementary Information). At harvest, the plants were 
hydrated for one hour in tap water. The inflorescences were then stored as dry stems at 4°C as 
stipulated by the South African Perishable Products Export Control Board (PPECB) 
(https://ppecb.com/document/annual-report-2017-2018) until extractions were performed. Due to 
the susceptibility of Protea leaf and stem material to blackening upon damage or cutting, fresh 
tissue (unless otherwise stated) was used in this study (Figure S4.1, Supplementary 
Information).10,17 This precautionary measure also prevented the possibility of metabolite 
decomposition and blackening.  
4.2.3. Methods 
4.2.3.1. Sample preparation 
For each authentic standard, a 0.500 mg/mL solution was prepared with 50% methanol in 
water containing 2% formic acid. The resulting solutions were placed in glass vials and analysed 
by UPLC-PDA-HR-MS.  
4.2.3.2. Vase life evaluation study  
The onset and development of leaf blackening on the foliage of flowering stems (n=3) of ‘Pink 
Ice’, ‘Carnival’, ‘Susara’ and ‘Sylvia’, cut at the commercial harvesting maturity of the flowerhead, 
were evaluated under standard vase life conditions of 20±2°C, 60% relative humidity and light 
levels of 20 µmol.m-2/s in 1 L tap water as vase solution. Light levels in the vase life room were 
maintained as recommended by Reid and Kofranek for standardized vase life evaluations,27 
where 20 µmol.m-2/s PPFD (photosynthetic photo flux density) is converted to 1080 lux. Tap water 
was replaced daily to eliminate possible leachates from cut wounds on flowering stems as these 
have been reported to block xylem vessels, resulting in water stress and possibly the induction of 
blackening.28 Leaf material was sampled weekly randomly from three individual flowering stems 
in preparation for extraction. Whereby, the first week (28th March 2018) of sampling fresh-green 
leaves were sampled, the second week (04th April 2018) slightly blackened leaves were obtained 
and by the third week (11th April 2018) all the collected leaves had blackened.   
4.2.3.3. Metabolite extraction 
For extraction, 1.00 g of fresh plant tissue (leaves or involucral bracts) was crushed in a mortar 
and pestle and mixed with 15 mL methanol/water/formic acid (50:48:2). Samples were prepared 




in triplicate for each plant tissue per Protea species, selection or cultivar. The samples were 
subjected to sonication in an ultrasonic bath (250 W, 40 kHz, Lasec Group, RSA) for 60 min at 
room temperature. Post-sonication, samples were centrifuged (Hermle Z 160 M, LaborTechnik, 
Germany) at 15 994 xg for 60 min. The resulting supernatants were placed in glass vials and 
analysed by UPLC-PDA-IM-HR-MS. 
4.2.3.4. UPLC-PDA-IM-HR-MS analyses 
Extracts were analysed as previously reported (section 3.2.3.3).29 Briefly, 2 µL of extract was 
injected into an Acquity UPLC system coupled to a Synapt G2 quadrupole-time-of-flight (q-TOF) 
instrument (Waters Corporation, Manchester, UK) equipped with an Acquity HSS T3 C18 column 
(2.1 mm × 150 mm, 1.8 μm, Waters). The mobile phase for the chromatographic analysis 
consisted of 0.1% formic acid in MilliQ water (solvent A) and 0.1% formic acid in acetonitrile 
(solvent B), at a flow rate of 0.25 mL.min-1. The initial conditions were 0% B, maintained for 1 min, 
increased to 28% B at 22 min and subsequently to 40% B at 30 min and 100% B at 31 min, kept 
for 1 min before returning to the initial conditions after 1 min. The gradient was followed by 4 min 
isocratic wash at 0% B to re-equilibrate the column. The column temperature was maintained at 
60°C. This 37 min chromatographic run was monitored by both PDA and MS detectors. The 
Acquity PDA detector (Waters) scanning range was set from 230 to 650 nm, with 1.2 nm 
bandwidth resolution and a sampling rate of 20 points/s.  
For IMS analysis, travelling-wave IM spectrometry (TWIMS) was performed as previously 
reported (section 3.2.3.3).29 Briefly, extraction cone 4 V, helium cell gas flow 180 mL/min, IM 
buffer gas (N2) flow 110 mL/min, IM wave velocity 650 m/s and IM wave height 40 V. Polyalanine 
(PolyA) was used as calibrant to determine TWCCSN2 values from the measured arrival time 
distributions (ATD) in ESI- modes and was prepared in H2O/MeOH (50:50, v:v) at a concentration 
of 277 mg/mL. Calibration was performed using singly charged PolyA oligomers (n = 3 to 14) 
covering a mass range 231 to 1012 Da and CCS values ranging from 150 to 308 Å2 in ESI-. For 
data acquisition and processing, MassLynxTM 4.1 and Driftscope 2.9 software (Waters) were 
utilised.  
For MS detection, electrospray ionisation in negative or positive modes (ESI- or ESI+) were 
used; optimised settings were presented elsewhere.29 Briefly, the source conditions were: cone 
voltage 15 V, nitrogen (N2) as desolvation gas and a desolvation temperature of 275°C and a flow 
rate of 650 L/h. Sodium formate was used for the calibration of the TOF-MS instrument and 
leucine enkaphalin was used as the lock mass to obtain accurate mass data. Data was acquired 
across a mass range of 150-1500 Da in resolution-mode at a rate of 0.2 scans/s. For compound 




identification, MSE mode was utilised, where data was acquired using two channels: at low 
collision energy (4 V) and with a collision energy ramped from 20 to 60 V (mass range 40-1500 
Da) to obtain MS fragmentation data.  
For the separation of anthocyanins, an acidic mobile phase comprising MilliQ water containing 
7.5% formic acid (solvent A) and acetonitrile containing 7.5% formic acid (solvent B) was used,29 
with an Acquity BEH C18 column (2.1 mm × 100 mm, 1.7 μm particle size, Waters). The injection 
volume was 2 µL, the column oven temperature was maintained at 50°C and a flow rate of 0.20 
mL.min-1 was used. The initial conditions were 1% B maintained for 0.50 min, followed by an 
increase to 22% B at 20 min and 100% B at 20.10 min. These conditions were kept for 1.40 min 
before returning to the initial conditions after 10 s, followed by 3.4 min re-equilibration step. The 
total chromatographic run time was 25 min. The peaks were monitored at a wavelength range of 
500-520 nm. MS detection was performed in ESI+ using the settings outlined above.  
4.2.3.5. Data processing and multivariate data analyses (MVDA) 
UPLC-HR-MS raw data (converted to mzML format) were uploaded and analysed using the 
cloud-based informatics software XCMS Online (https://xcmsonline.scripps.edu). Briefly, the 
XCMS processing parameters were as follows: centWave for feature detection (with ∆m/z = 15 
ppm, minimum peak width 10 s and maximum peak width 120 s), and obiwarp for retention time 
(tR) correction. The chromatogram alignment parameters were: bw 10 s (allowable tR deviations), 
minifrac 0.5 (minimum fraction of samples necessary in at least one of the sample groups for it to 
be a valid group) and m/z width of 0.25 (width of overlapping m/z slices to use for peak density 
chromatograms and grouping peaks across samples). To perform multivariate data analysis and 
for visualization, MetaboAnalyst 4.0 (www.metaboanalyst.ca) was used. The data were 
normalised using the sample median, transformed by log normalization and data scaling was 
performed using the pareto scaling algorithm. The statistical significance was calculated by 
ANOVA for multi-group comparisons. The distribution of each annotated metabolite (feature) was 
visualised using box-and-whiskers plots (boxplots). For pathway analyses in MetPA 
(Metabolomics Pathway Analysis), a list of selected metabolites were uploaded and processed 
using the ‘Arabidopsis’ library, where algorithms ‘GlobalAncova’ and the ‘Out-degree centrality’ 
were selected for pathway enrichment analysis and for pathway topological analysis, 
respectively.30  
4.2.3.6. Metabolite annotation 
Compound annotation and identification was performed as previously discussed by Masike et 
al.29 (sections 3.3.1 and 3.3.2). Briefly,  MSE fragmentation patterns, standards, surrogate 




standards,31 and online databases such as Dictionary of Natural Products 
(dnp.chemnetbase.com), KNApSAck (http://kanaya.naist.jp/knapsack), METLIN 
(http://metlin.scripps.edu) and ChemSpider (www.chemspider.com) were used. The level of 
identification used for the annotated compounds is indicated in Table S4.2 (Supplementary 
Information) as set out by the COSMOS Metabolomics Standards Initiative and indicated 
previously.29  
4.3. Results and discussion  
4.3.1. Metabolite identification by UPLC-PDA-IM-HR-MS 
UPLC-PDA-HR-MS analysis was used to study the phytochemical composition of 37 distinct 
Protea genetic lines: 12 pure species, 10 selections and 15 hybrid cultivars. Figure 4.1 shows 
representative UPLC-MS chromatograms for five selected Protea pure species that showed overt 
chromatographic differences. We recently reported the characterization of the phenolic profiles of 
the leaf and involucral bract tissue of two Protea pure species and two hybrid cultivars (Chapter 
3),29 where 66 metabolites were identified (41 phenolic acid esters and 25 flavonoids, including 
five anthocyanins). The distribution of metabolites identified in the present work in pure species 
and hybrid cultivars (including species selections) are indicated in Tables 4.1 and 4.2, 
respectively. In addition to the 67 phenolic metabolites previously reported (66 identified (9-17, 
19-21, 23, 24, 26, 30-35, 37-40, 42-44, 46, 51, 53, 54, 59-65, 67-93), one unknown (102)), five 
organic acids (1-5), three sugars (6-8) and 22 prominent unknown compounds (94-101, 103-116) 
were also included in the present work. Furthermore, several polyphenols not detected in our 
previous study (18, 22, 25, 27-29, 36, 41, 45, 47-50, 52, 55-58, 66) were tentatively identified and 
included in the dataset subjected to multivariate data analysis. Since this is not the focus of the 
present work, a detailed discussion on the identification of metabolites is not included; detailed 
chromatographic, UV-Vis, MS, and IMS data used for this purpose is however presented in Table 
S4.2 (Supplementary Information). To align the chromatograms and construct the data matrix, 
peaks were extracted from the converted data (mzML) using the cloud-based informatics software 
XCMS Online (https://xcmsonline.scripps.edu). The data matrix contained a total of 1733 aligned 
features. Features that did not correspond to molecular ions (i.e., formic acid adducts, dimers, 
fragment ions etc.) were removed, resulting in 116 annotated features. Multivariate data analyses 
were conducted using the MetaboAnalyst 4.0 tool.  





Figure 4.1: Stacked UPLC-HR-MS base peak intensity (BPI) chromatograms illustrating the different chromatographic profiles between 
extracts obtained from leaf tissues of Protea susannae, P. laurifolia, P. burchellii, P. cynaroides and P. mundii. Chromatograms were obtained 
using the 0.1% formic acid (FA), in the mobile phase, method mentioned in section 4.2.3.4. 
 




Table 4.1: The distribution of 116 features in 12 Protea pure species.  
Molecule 
number 
Identified and Annotated metabolites m/z tR 
(mins) 
A B C D E F G H I J K L 
Organic and Sugar acids 
1 Gluconic acid 195.0505 1.58 √ √ √ √ √ √ √ √ √ √ √ √ 
2 Xylonic acid 165.0401 1.60 √ √ √ √ √ × √ √ √ √ √ √ 
3 Quinic acid 191.0544 1.78 × × √ √ √ √ √ × × √ √ √ 
4 Isocitric acid  191.0201 2.15 √ √ × √ √ √ √ √ √ √ √ √ 
5 Citric acid  191.0187 3.33 √ √ √ √ √ √ √ √ √ √ √ √ 
Sugars 
6 Hexose 179.0556 1.58 √ × × √ × √ × √ × √ √ × 
7 Hexoside-O-deoxy-hexose isomer 1 325.1135 1.94 √ √ √ √ √ × √ √ √ √ √ √ 
8 Hexoside-O-deoxy-hexose isomer 2  325.1130 2.97 √ √ √ √ √ × √ √ √ √ √ √ 
Phenolic acids 
9 Phlorin (benzene-1,3,5-triol)-O-hexoside) 287.0771 4.14 √ × √ √ √ × × × × × × × 
10 β-Arbutin (hydroquinone-O-hexoside) isomer 271.0794 5.71 √ √ √ √ √ × √ × × × √ × 
11 α-Arbutin (hydroquinone-O-hexoside) isomer 271.0800 5.89 × √ × × × × √ × × × √ × 
12 Hydroxyquinol (benzene-1,2,4-triol)-O-hexoside 287.0754 6.26 √ × √ √ √ × × × × × √ × 
13 Protocatechuic alcohol (3,4-dihydroxybenzoyl alcohol)-O-hexoside 
isomer 1 
301.0915 7.11 √ √ √ √ √ √ √ √ √ √ √ √ 
14 Protocatechuic alcohol-O-hexoside isomer 2 301.0904 7.23 √ √ √ √ √ √ √ √ √ √ √ √ 
15 Protocatechuic alcohol-O-hexoside isomer 3 301.0925 7.43 √ × √ √ √ × √ × × × √ × 
16 Protocatechuic acid (3,4-dihydroxybenzoic acid)-O-hexoside isomer 1 315.0803 8.32 √ √ √ √ √ × √ √ √ √ √ √ 
17 Protocatechuic acid-O-hexoside isomer 2 315.0702 8.43 × √ × × × √ × √ √ √ × √ 
18 Piscidic acid 255.0505 8.49 √ √ × × × × × × × × × × 
19 Protocatechuic acid 153.0203 8.81 × √ × × × √ √ √ √ √ × × 
20 Vanillic acid (4-hydroxy-3-methoxybenzoic acid)-O-hexoside 329.0862 8.98 √ √ √ √ √ × √ √ × √ √ √ 
21 Protocatechuic acid-O-hexoside isomer 3 315.0702 9.39 √ √ × √ √ × √ √ √ √ √ √ 
22 p-Hydroxybenzoic acid-O-hexoside isomer 1 299.0761 9.48 × × × × × × × √ × × × √ 
23 Hydroxyquinol-O-hexoside-O-acetyl 329.0872 9.53 × × √ √ × × × × × × × × 
24 3-Caffeoyl-O-quinic acid 353.0873 10.01 √ √ × √ √ × √ × × × × √ 
25 Protocatechuic acid-O-rhamnoside isomer 1 299.0758 10.33 × × × √ × × × × × × × × 
26 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 1 283.0808 10.60 × × × × × × × × √ × × × 
27 Protocatechuic acid-O-rhamnoside isomer 2 299.0770 10.65 √ √ √ √ √ √ √ √ √ √ √ × 
28 p-Hydroxybenzoic acid-O-hexoside isomer 2 299.0773 11.19 × × × √ × × × √ × × × × 
29 Caffeoyl-O-hexoside 341.0869 11.50 √ √ √ √ × × × × √ × √ √ 
30 3-p-Coumaroyl-O-quinic acid 337.0898 11.69 √ √ √ √ √ × √ √ × × √ √ 
31 Feruloyl-O-hexoside isomer 1 355.1039 11.96 × × × × × × × √ √ √ × × 
32 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 2 283.0800 12.48 √ √ × × × × × √ × √ √ × 
33 5-Caffeoyl-O-quinic acid 353.0862 12.54 × √ × × × × × × × × × × 
34 3-Feruloyl-O-quinic acid 367.1043 12.83 √ √ √ √ √ × √ √ × × × √ 
35 Protocatechuic acid-O-hexoside-O-hydroxyquinol isomer 1 423.0989 13.34 × × √ √ × × × × × × √ × 
36 Protocatechuic acid-O-arbutin isomer 1 407.0962 13.45 × √ × × × × × × × × × × 
37 Feruloyl-O-hexoside isomer 2 355.1041 13.51 × × × × × × × √ √ √ √ × 
38 Protocatechuic acid-O-hexoside-O-hydroxyquinol isomer 2 423.0989 13.66 × × √ √ × × × × × × × × 
39 p-Hydroxybenzoic acid derivative 423.0923 13.89 √ √ √ √ × √ √ √ √ √ √ √ 




40 Caffeoyl-O-polygalatol (1,5-anhydro-[6-O-caffeoyl]- sorbitol(glucitol)) 
isomer 1 
 325.0934  14.05 √ √ √ √ √ √ √ √ √ √ √ √ 
41 Protocatechuic acid-O-arbutin isomer 2 407.0978 14.12 × √ × × × × × × × × √ × 
42 Protocatechuic acid-O-hexoside-O-protocatechuic alcohol isomer 1 437.1074 14.25 × √ √ × × × × √ × × × × 
43 Caffeoyl-O-polygalatol isomer 2  325.0911  14.42 √ √ √ √ √ √ × × × × × × 
44 Protocatechuic acid-O-hexoside-O-hydroxyquinol isomer 3  423.0923 14.64 × × √ √ × × × × × × √ × 
45 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 3 283.0818 14.65 × × × × × × × × × × × × 
46 5-p-Coumaroyl-O-quinic acid 337.0918 14.76 × × × √ √ √ √ × × × × × 
47 Protocatechuic acid-O-arbutin isomer 3  407.0981  14.79 √ √ × √ × × × × × × √ × 
48 Protocatechuic acid-O-hexoside-O-protocatechuic alcohol isomer 2 437.1083 14.99 × × × × × √ × × × × × × 
49 Protocatechuic acid-O-arbutin isomer 4  407.0976 15.19 × √ × × × × × × × × √ × 
50 Protocatechuic acid derivative isomer 1 405.0823 17.03 √ √ × √ × × × × × × √ × 
51 p-Hydroxybenzoyl-O-arbutin isomer 1 391.1029 17.16 √ √ × √ √ × × √ × × √ × 
52 Hydroxyquinol-O-hexoside-O-acetyl derivative isomer 1 435.1288 17.37 × × √ √ √ × × × × × × × 
53 p-Hydroxybenzoyl-O-arbutin isomer 2 391.1030 17.58 × √ × × × × × × × × √ × 
54 Protocatechuic acid-O-hexoside-O-protocatechuic alcohol isomer 3 437.1083 17.68 × × × √ × × × √ √ √ × √ 
55 Caffeoyl-O-polygalatol-O-hydroxyquinol isomer 1 433.1136 17.76 √ √ √ √ √ × √ × × × × × 
56 Caffeoyl-O-polygalatol-O-hydroxyquinol isomer 2 433.1139 18.14 √ √ √ √ √ × × × × × √ × 
57 Hydroxyquinol-O-hexoside-O-acetyl derivative isomer 2 435.1278 18.71 × × √ √ √ × × × × × × × 
58 Hydroxyquinol-O-hexoside-O-acetyl derivative isomer 3 435.1289 18.96 × × √ √ √ × × × × × × × 
59 Benzoylhexoside of hydroxyquinol (benzoyl-O-hexoside-O-
hydroxyquinol, previously referred to as neriifolin) isomer 1 
391.1036 19.63 × × √ √ √ × × × × × √ × 
60 Hydroxyquinol-O-hexoside derivative isomer 1 405.1214 20.37 × × √ √ √ × × × × × × × 
61 Lacticolorin/Pilorubrosin (benzoyl-O-hexoside-O-protocatechuic alcohol) 
isomer 1 
405.1182 21.17 √ × √ √ √ × × √ √ √ √ √ 
62 Benzoylhexoside of hydroxyquinol isomer 2 391.1034 21.29 √ × √ × × × × × × × √ × 
63 Lacticolorin/Pilorubrosin isomer 2 405.1181 21.49 × × √ √ √ √ × √ √ √ √ √ 
64 Eximin (6-O-benzoyl-O-arbutin) isomer 1 375.1069 21.51 √ √ √ × × × × × × × √ × 
65 Benzoylhexoside of hydroxyquinol isomer 3 391.1024 21.75 × × √ × × × × × × × √ × 
66 Eximin isomer 2 375.1080 22.05 × √ × × × × × × × × × × 
67 Hydroxyquinol-O-hexoside derivative isomer 2 405.1192 22.08 × × √ √ √ × × × × × × × 
68 Hydroxyquinol-O-hexoside derivative isomer 3 405.1193 22.54 √ × √ √ √ × × × × × × √ 
Flavonoids 
69 B-type procyanidin 577.1327 11.25 √ × √ × √ × × × × × × × 
70 (+)-Catechin 289.0714 12.17 √ × √ × √ × × × × × × √ 
71 Delphinidin-3-O-glucoside 465.1032 12.86 × × √ √ √ × × × × × × × 
72 B-type procyanidin 577.1327 13.37 × × × × √ × × × × × × × 
73 (-)-Epicatechin  289.0717 14.21 × × × × × × × × × × × × 
74 Cyanidin-3-O-glucoside 449.1084 14.91 √ √ √ √ √ × × √ √ × × × 
75 Petunidin-3-O-glucoside 479.1181 16.42 × × √ √ √ × × × × × × × 
76 Peonidin-O-hexoside 463.1230 17.64 × × × × × × × × × × × × 
77 Quercetin-O-hexoside-O-deoxy-hexose 609.1456 17.66 × × √ √ √ √ × × √ × × × 
78 Rutin (quercetin-3-O-rutinoside (α-L-rhamnopyranosyl-(1→6)-β-D-
glucopyranose)) 
609.1456 17.86 × × √ √ √ √ √ × √ × × × 
79 Quercetin-O-galactoside 463.0877 18.16 √ √ √ √ √ √ × √ √ √ √ √ 
80 Malvidin-O-hexoside 493.1345 18.37 × × √ √ √ × × × × × × × 




81 Isoquercitrin (Quercetin-3-O-glucoside)  463.0878 18.42 √ √ √ √ √ √ √ √ √ √ √ √ 
82 Kaempferol-O- hexoside-O-deoxy-hexose 593.1531 19.45 × × √ √ × × √ × × × × × 
83 Quercetin-O-pentoside 433.0760 19.46 √ √ × × √ √ × √ × √ √ √ 
84 Isorhamnetin-O-hexoside-O-deoxy-hexose isomer 1 623.1597 19.63 × × × × √ × × √ × × × × 
85 Isorhamnetin-O-hexoside-O-deoxy-hexose isomer 2  623.1601 19.87 × × √ √ √ × × √ × × × × 
86 Kaempferol-O-glucoside 447.0920 20.20 √ × √ √ √ √ √ × × × × √ 
87 Isorhamnetin-O-galactoside 477.1033 20.32 √ × × √ √ × × × × × × × 
88 Quercetin-O-deoxy-hexose 447.0919 20.37 √ √ × × × √ √ √ √ √ √ √ 
89 Isorhamnetin-O-glucoside 477.1033 20.67 √ × √ √ √ × × × × × × × 
90 Isorhamnetin-O-pentoside 447.0927 21.76 √ × × × √ × × √ × × × × 
91 Kaempferol-O-deoxy-hexose 431.0978 22.37 √ √ × × √ √ × √ √ √ √ √ 
92 Isorhamnetin 315.0503 26.17 × × × × × × × × × × × × 
93 Diosmetin 299.0557 29.40 √ √ √ √ √ × √ √ √ √ √ × 
Unknowns 
94 237_1.79 237.0595 1.79 √ √ √ √ √ √ √ √ √ √ √ √ 
95 317_1.83 317.0521 1.83 √ √ √ √ √ √ √ √ √ √ √ √ 
96 267_1.93 267.0717 1.93 √ √ √ √ √ √ √ √ √ √ √ √ 
97 209_1.95 209.0661 1.95 √ √ √ √ √ √ √ √ √ √ √ √ 
98 203_4.28 203.0191 4.28 √ √ √ √ × × √ √ √ √ × × 
99 329_6.66 329.0867 6.66 × × × × √ × √ √ √ √ × × 
100 295_7.84 295.1036 7.84 √ √ √ √ √ √ √ √ √ √ √ √ 
101 417_8.09 417.1397 8.09 × √ × × × × √ × × × × × 
102 205_9.87 205.0711 9.87 √ √ √ √ √ √ × √ √ √ √ √ 
103 451_12.62 451.2179 12.62 × × × × × × × × × × × × 
104 239_12.98 239.0548 12.98 √ √ × × × × × × × × × × 
105 487_13.22 487.1452 13.22 √ √ × √ × × × × × × × √ 
106 431_15.12 431.1917 15.12 √ √ × × × × × × × × × √ 
107 465_15.73 465.1033 15.73 × × √ √ × × × × × × × √ 
108 449_15.89 449.1096 15.89 × √ √ √ × × × × × × √ × 
109 399_16.18 399.1291 16.18 √ × × × × × × × × × × √ 
110 475_17.39 475.1811 17.39 × × √ √ √ × × × × × × × 
111 337_17.42 337.0570 17.42 × × √ √ × × × × × × √ × 
112 407_17.62 407.0978 17.62 × × √ √ √ × × × × × √ × 
113 449_18.01 449.1080 18.01 × × √ √ × × × × × × √ × 
114 313_19.01 313.0919 19.01 × × × √ √ × × × × × × × 
115 313_19.32 313.0921 19.32 × × × √ √ × × × × × × × 
116 431_20.63 431.0978 20.63 √ √ × √ × × √ × × × √ × 
A: P. susannae, B: P. compacta, C: P. neriifolia, D: P. burchellii, E: P. laurifolia, F: P. mundii, G: P. repens, H: P. obtusifolia, I: P. cynaroides, J: P. grandiceps, K: P. cordata 
and L: P. nitida  
 √= present   
  ×= not detected 
 
  




Table 4.2: The distribution of 116 features in 25 Protea species selections and cultivars.  
Molecule 
number 
Identified and Annotated metabolites m/z tR 
(mins
) 
A B C D E F G H I J K L M N O P Q R S T U V W X Y 
Organic and Sugar acids 
1 Gluconic acid 195.0505 1.58 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
2 Xylonic acid 165.0401 1.60 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
3 Quinic acid 191.0544 1.78 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × √ × √ × × √ √ 
4 Isocitric acid  191.0201 2.15 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
5 Citric acid  191.0187 3.33 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
Sugars 
6 Hexose 179.0556 1.58 √ √ √ √ √ √ √ × × × × × × × × × × × × × × √ × × × 
7 Hexoside-O-deoxy-hexose isomer 1 325.1135 1.94 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
8 Hexoside-O-deoxy-hexose isomer 2  325.1130 2.97 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
Phenolic acids 
9 Phlorin (benzene-1,3,5-triol)-O-hexoside) 287.0771 4.14 × × × × × × × × × × × × × × × √ × × × × × × × × × 
10 β-Arbutin (hydroquinone-O-hexoside) isomer 271.0794 5.71 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ × × √ √ √ 
11 α-Arbutin (hydroquinone-O-hexoside) isomer 271.0800 5.89 × √ × × × × × × × √ √ × × × × × × × × √ × × × √ √ 
12 Hydroxyquinol (benzene-1,2,4-triol)-O-hexoside 287.0754 6.26 √ √ √ √ √ √ √ × × √ √ √ × × × √ √ √ √ √ √ √ √ × √ 
13 Protocatechuic alcohol (3,4-dihydroxybenzoyl 
alcohol)-O-hexoside isomer 1 
301.0915 7.11 √ √ √ √ × × × × √ √ × √ √ √ √ √ × √ √ √ √ × √ √ √ 
14 Protocatechuic alcohol-O-hexoside isomer 2 301.0904 7.23 √ √ × × √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ × √ √ √ 
15 Protocatechuic alcohol-O-hexoside isomer 3 301.0925 7.43 √ √ √ √ √ √ × × √ √ × √ √ √ √ √ √ √ √ √ √ × √ × × 
16 Protocatechuic acid (3,4-dihydroxybenzoic acid)-
O-hexoside isomer 1 
315.0803 8.32 √ √ √ √ √ √ √ √ √ √ √ × √ √ √ √ × √ √ √ √ √ √ √ √ 
17 Protocatechuic acid-O-hexoside isomer 2 315.0702 8.43 √ √ √ √ × × × × × × × × × × × × × × × × × × × × × 
18 Piscidic acid 255.0505 8.49 √ √ × × × × × × × × × × × × × × × × × × × × × × × 
19 Protocatechuic acid 153.0203 8.81 × × × × × × × √ × × × × × × × × × × × × × × × × × 
20 Vanillic acid (4-hydroxy-3-methoxybenzoic acid)-
O-hexoside 
329.0862 8.98 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
21 Protocatechuic acid-O-hexoside isomer 3 315.0702 9.39 × × × × √ × √ × × √ × × × × × × × × √ × × × √ √ √ 
22 p-Hydroxybenzoic acid-O-hexoside isomer 1 299.0761 9.48 √ × × × × × × × √ √ √ √ √ × × × × × × × × × × × √ 
23 Hydroxyquinol-O-hexoside-O-acetyl 329.0872 9.53 √ × × × × × × × × × × × × × × √ × × × × √ √ × × × 
24 3-Caffeoyl-O-quinic acid 353.0873 10.01 √ √ √ √ √ √ × × √ × × × √ × × × √ × × × √ × × √ √ 
25 Protocatechuic acid-O-rhamnoside isomer 1 299.0758 10.33 × × × × × × × × × × × √ √ × × × × × × × × × × √ × 
26 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 1 283.0808 10.60 √  × × × × × × × × × × × × × × √ × × × × × × × × 
27 Protocatechuic acid-O-rhamnoside isomer 2 299.0770 10.65 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ × × √ 
28 p-Hydroxybenzoic acid-O-hexoside isomer 2 299.0773 11.19 × × √ × √ × × × √ √ × × × × √ × × × × × × × × × × 
29 Caffeoyl-O-hexoside 341.0869 11.50 √ × × × × × √ √ × × × × × × √ √ √ √ √ × × × × × × 
30 3-p-Coumaroyl-O-quinic acid 337.0898 11.69 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
31 Feruloyl-O-hexoside isomer 1 355.1039 11.96 × × × × × × × × × × × × × × × × × × × × × × × × × 
32 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 2 283.0800 12.48 √ √ √ √ √ √ × × × √ √ √ √ √ √ × √ √ √ √ × × √ √ √ 
33 5-Caffeoyl-O-quinic acid 353.0862 12.54 √ √ √ √ √ × × × × × × × × × × × × × × × × × × × × 
34 3-Feruloyl-O-quinic acid 367.1043 12.83  √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ × × × √ √ 
35 Protocatechuic acid-O-hexoside-O-hydroxyquinol 
isomer 1 
423.0989 13.34 √ √ × √ × √ × × × × × √ × × × √ × × × × √ √ × × × 




36 Protocatechuic acid-O-arbutin isomer 1 407.0962 13.45 × × × √ × × × × × × × × × × × × × × × × × × × × × 
37 Feruloyl-O-hexoside isomer 2 355.1041 13.51 × × ×  × × × × × × × × × × × × × × × × × × × × × 
38 Protocatechuic acid-O-hexoside-O-hydroxyquinol 
isomer 2 
423.0989 13.66 × × × √ × × × × × × × × × × × × × √ × × × × × × × 
39  p-hydroxybenzoic acid derivative  423.0923 13.89 × × √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × × √ √ √ 
40 Caffeoyl-O-polygalatol (1,5-anhydro-[6-O-caffeoyl]- 
sorbitol(glucitol)) isomer 1 
 325.0934  14.05 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
41 Protocatechuic acid-O-arbutin isomer 2 407.0978 14.12 × × × × × × × × × × × × × × × × × × × × × × × × × 
42 Protocatechuic acid-O-hexoside-O-protocatechuic 
alcohol isomer 1 
437.1074 14.25 √ × × √ × × × × × × × × × × × × × √ × × × × × × × 
43 Caffeoyl-O-polygalatol isomer 2  325.0911  14.42 √ √ √ √ √ √ √ × × × × √ × √ √ √ √ √ √ √ √ √ √ × × 
44 Protocatechuic acid-O-hexoside-O-hydroxyquinol 
isomer 3 
 423.0923 14.64 √ √ √ √ √ √ × × × × × √ × × × √ × × × × √ √ × × × 
45 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 3 283.0818 14.65 √ × × × × × × × × × × × × × × × × × × × × × × × × 
46 5-p-Coumaroyl-O-quinic acid 337.0918 14.76 × × × × × × √ √ √ × √ √ × × × × × × × × × × × √ √ 
47 Protocatechuic acid-O-arbutin isomer 3  407.0981  14.79 √ √ √ √ √ √ √  √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
48 Protocatechuic acid-O-hexoside-O-protocatechuic 
alcohol isomer 2 
437.1083 14.99 √ × × × × × × √ × × × × × × × × × × × × × × × × × 
49 Protocatechuic acid-O-arbutin isomer 4  407.0976 15.19 × √ × × × × × × × √ √ × √ × × × √ × × × × × × × × 
50 Protocatechuic acid derivative isomer 1 405.0823 17.03 √ √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ × √ √ √ √ √ √ √ 
51 p-Hydroxybenzoyl-O-arbutin isomer 1 391.1029 17.16 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ × × √ √ √ 
52 Hydroxyquinol-O-hexoside-O-acetyl derivative 
isomer 1 
435.1288 17.37 × × √ √ √ √ × × × × × × × × × √ × × √ × × × × × × 
53 p-Hydroxybenzoyl-O-arbutin isomer 2 391.1030 17.58 × √ √ × × × √ × × √ √ √ √ √ × × √ × √ √ × × √ √ √ 
54 Protocatechuic acid-O-hexoside-O-protocatechuic 
alcohol isomer 3 
437.1083 17.68 × × × × √ √ × √ √ × × × × × × × × × × √ × × × × × 
55 Caffeoyl-O-polygalatol-O-hydroxyquinol isomer 1 433.1136 17.76 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
56 Caffeoyl-O-polygalatol-O-hydroxyquinol isomer 2 433.1139 18.14 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
57 Hydroxyquinol-O-hexoside-O-acetyl derivative 
isomer 2 
435.1278 18.71 × × × × × × × × × × × × × × × √ × √ × × √ √ × × × 
58 Hydroxyquinol-O-hexoside-O-acetyl derivative 
isomer 3 
435.1289 18.96 √ × √ √ × × × × × × × × × × × √ × √ × × √ √ × × × 
59 Benzoylhexoside of hydroxyquinol (benzoyl-O-
hexoside-O-hydroxyquinol, previously referred to 
as neriifolin) isomer 1 
391.1036 19.63 √ √ √ √ × × × × × × × √ × × × √ √ √ × × √ √ × × × 
60 Hydroxyquinol-O-hexoside derivative isomer 1 405.1214 20.37 √ √ √ √ × × × × × × × × × × × √ √ × √ × × √ × × × 
61 Lacticolorin/Pilorubrosin (benzoyl-O-hexoside-O-
protocatechuic alcohol) isomer 1 
405.1182 
 
21.17 √ √ √ √ √ √ × √ √ √ × × √ × √ √ × √ × × √ √ √ × √ 
62 Benzoylhexoside of hydroxyquinol isomer 2 391.1034 21.29 √ √ √ √ √ √ × × × × × × × × √ √ √ √ × × √ √ √ × × 
63 Lacticolorin/Pilorubrosin isomer 2 405.1181 21.49 √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
64 Eximin (6-O-benzoyl-O-arbutin) isomer 1 375.1069 21.51 √ √ √ √ √ √ × × × × × × √ √ √ √ √ √ √ √ √ √ √ × × 
65 Benzoylhexoside of hydroxyquinol isomer 3 391.1024 21.75 × √ √ × × × × × × × × × × × × √ √ √ × × √ √ × × × 
66 Eximin isomer 2 375.1080 22.05 × √ √ × × × × × × × √ √ √ × × × × × √ √ × × √ √ √ 
67 Hydroxyquinol-O-hexoside derivative isomer 2 405.1192 22.08 √ √ √ √ × × × × × × × √ × × × √ × √ × × √ √ × × × 
68 Hydroxyquinol-O-hexoside derivative isomer 3 405.1193 22.54 × × × × × √ × × √ × × √ √ √ √ √ √ × √ √ √ √ √ √ √ 
Flavonoids 
69 B-type procyanidin 577.1327 11.25 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ × √ √ × × × × × 




70 (+)-Catechin 289.0714 12.17 √ √ √ √ √ √ √ × × √ √ √ √ √ √ √ √ √ × × × × × × × 
71 Delphinidin-3-O-glucoside 465.1032 12.86 × × √ × × × × × × × × √ √  √ √ √ √ × × × × × × × 
72 B-type procyanidin 577.1327 13.37 × × √ × × × × × × × × × × × × × × × × × × × × × × 
73 (-)-Epicatechin  289.0717 14.21 × × √ × × × × × × × × × × × × × × × × × × × × × × 
74 Cyanidin-3-O-glucoside 449.1084 14.91 √ √ √ × √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ × × √ × 
75 Petunidin-3-O-glucoside 479.1181 16.42 × × √ × × × × × × × × √ √ × × √ √ √ × × × × × × × 
76 Peonidin-O-hexoside 463.1230 17.64 × × × × × × × × × × × × × × × × × × × × × × × × × 
77 Quercetin-O-hexoside-O-deoxy-hexose 609.1456 17.66 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × √ √ √ 
78 Rutin (quercetin-3-O-rutinoside (α-L-
rhamnopyranosyl-(1→6)-β-D-glucopyranose)) 
609.1456 17.86 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
79 Quercetin-O-galactoside 463.0877 18.16 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
80 Malvidin-O-hexoside 493.1345 18.37 × × √ × × × × × × × × √ √ × × × × √ × × × × × × × 
81 Isoquercitrin (Quercetin-3-O-glucoside)  463.0878 18.42 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
82 Kaempferol-O- hexoside-O-deoxy-hexose 593.1531 19.45 × × × √ × × × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × × 
83 Quercetin-O-pentoside 433.0760 19.46 √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ × × √ √ × × √ √ √ 
84 Isorhamnetin-O-hexoside-O-deoxy-hexose isomer 
1 
623.1597 19.63 √ √ √ √ × × × × √ × √ √ √ √ √ √ √ × √ √ × × √ √ √ 
85 Isorhamnetin-O-hexoside-O-deoxy-hexose isomer 
2 
623.1601 19.87 √ √ √ √ × × × × √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
86 Kaempferol-O-glucoside 447.0920 20.20 √ √ √ √ √ √ √ × √ √ √ √ √ √ √ √ √ √ √ √ √ × √ √ √ 
87 Isorhamnetin-O-galactoside 477.1033 20.32 √ √ × √ √ √ √ × √ × √ √ √ × × √ × × √ √ × × × √ √ 
88 Quercetin-O-deoxy-hexose 447.0919 20.37 √ √ × × √ √ √ √ √ √ √ × × × × × × × × √ √ √ × × × 
89 Isorhamnetin-O-glucoside 477.1033 20.67 √ √ × √ √ √ √ × √ × √ √ √ √ √ √ √ √ √ √ √ × × √ √ 
90 Isorhamnetin-O-pentoside 447.0927 21.76 √ √ √ × √ √ √ × √ × √ √ √ √ √ √ √ × √ √ × × √ √ √ 
91 Kaempferol-O-deoxy-hexose 431.0978 22.37 √ × × × √ √ √ √ √ √ √ × × × × × × × × √ √ √ √ × × 
92 Isorhamnetin 315.0503 26.17 × × × × × × × × × × × × × × × × × × × × × × × × × 
93 Diosmetin 299.0557 29.40 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × × √ √ 
Unknowns 
94 237_1.79 237.0595 1.79 × × × × × × × × × × × × × × × × × × × × × × × √ √ 
95 317_1.83 317.0521 1.83 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
96 267_1.93 267.0717 1.93 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
97 209_1.95 209.0661 1.95 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
98 203_4.28 203.0191 4.28 × × √ √ √ √ √ √ × × × × × × × √ √ √ √ √ √ × √ √ × 
99 329_6.66 329.0867 6.66 × × √ × × × √ √ √ √ × √ √ √ √ √ √ √ × × × × × × × 
100 295_7.84 295.1036 7.84 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × √ √ √ 
101 417_8.09 417.1397 8.09 × × √ × × × √ × √ × √ √ √ × × √ × × √ × × × × √ √ 
102 205_9.87 205.0711 9.87 √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
103 451_12.62 451.2179 12.62 √ √ × × √ √ × × × √ √ × × × √ √ √ √ √ √ √ √ √ × × 
104 239_12.98 239.0548 12.98 √ √ × × √ × √ × × √ √ × × × × × × × × × √ √ × × × 
105 487_13.22 487.1452 13.22 √ √ × × × × × × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ × √ 
106 431_15.12 431.1917 15.12 × √ × √ √ √ × × × √ √ × × × √ √ √ √ √ × √ √ √ × × 
107 465_15.73 465.1033 15.73 × √ × × × × × × × × × × × × × √ × × × × √ √ × × √ 
108 449_15.89 449.1096 15.89 √ √ √ √ √ √ √ × × × × × × × √ √ √ √ √ √ √ × √ × × 
109 399_16.18 399.1291 16.18 × × × × × × √ × × × × × × × × × × × × × × × × √ √ 
110 475_17.39 475.1811 17.39 √ √ √ √ × × √ × √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 
111 337_17.42 337.0570 17.42 × √ × √ √ × × × × × × × × × × × × × × × × × × √ √ 




112 407_17.62 407.0978 17.62 × × × × × × × × × × × × × × × √ × × × × × × × √ √ 
113 449_18.01 449.1080 18.01 √ √ × √ × × × × × × × × × × × √ × × × × √ √ × √ √ 
114 313_19.01 313.0919 19.01 √ √ √ √ × × × × √ × × √ √ √ √ √ √ √ √ × √ √ √ √ √ 
115 313_19.32 313.0921 19.32 × √ √ √ × × × × √ × × √ √ √ √ √ √ √ √ × × × √ √ √ 
116 431_20.63 431.0978 20.63 √ √ √ √ √ √ √ × × √ √ √ √ √ √ √ √ √ √ √ × √ √ √ √ 
A: ‘Pink Ice’, B: ‘Carnival’, C: ‘Black Beauty’, D: ‘Limelight’, E: ‘Sylvia’, F: ‘Sharonette’, G: ‘Susara’, H: ‘Venus’, I: ‘Robyn’, J: ‘Brenda’, K: ‘Lady Di,’ L: ‘Niobe’, M: ‘Didi’, 
N:’Sheila’, O: ‘Carli’, P: ‘Crinkle Cut’, Q: ‘Red Magic’, R: ‘Liamarie’, S: ‘Chelsea’, T: ‘Cerise’, U: ‘Suzanne’, V: ‘White Night’, W: ‘Maria’, X: ‘Barbigera’ and Y: ‘Ice Queen’   
 √= present   
     ×= not detected 
  




4.3.2. Multivariate data analyses (MVDA) 
4.3.2.1. Pure Protea species 
For the sake of simplicity, metabolite profiles of only the 12 Protea pure species, rather than 
the species selections and hybrid cultivars, were initially subjected to multivariate analysis. To 
uncover the major, as well as the subtle, differences and similarities (variance) between the 12 
Protea pure species, a 2D principal component analysis (PCA) scores plot and hierarchical cluster 
analysis (HCA) dendrogram were generated (Figure 4.2A and 4.2B, respectively). The scores plot 
was constructed between Component 1 and Component 2, accounting for 51.6% of the variance 
of the data set. The HCA output using Pearson’s distance metric is projected as a Ward’s linkage 
dendrogram and outlines the clustering observed from the PCA model. From the scores plot 
(Figure 4.2A), three distinguishable groupings are evident: Group I made up of P. neriifolia, P. 
burchellii and P. laurifolia; Group II made up of P. compacta, P. cordata, P. repens and P. 
susannae; and Group III made up of P. cynaroides, P. grandiceps, P. mundii, P. nitida and P. 
obtusifolia. To identify the features responsible for the clustering patterns illustrated on the scores 
plot and dendrogram, a biplot was generated (Supplementary Information, Figure S4.2,). The 
biplot, based on the PCA, illustrates which features (shown as vector arrows specifying the 
accurate mass/retention time) are responsible for the differences in the spatial distribution 
observed in the PCA scores plot. A simplified biplot generated by removing features that do not 
contribute significantly to the variance explained by PC1 and PC2 is shown in Figure 4.3, and the 
distribution of the features associated with the PCA scores plot and the HCA dendrogram are 
tabulated in Table S4.3 (Supplementary Information).  
The compounds associated with Group I are mostly benzenetriol derivatives, namely phlorin 
(benzene-1,3,5-triol)-O-hexoside) (9), hydroxyquinol (benzene-1,2,4-triol)-O-hexoside derivatives 
(12, 60, 67) and benzoylhexoside of hydroxyquinol (benzoyl-O-hexoside-O-hydroxyquinol, 
previously referred to as neriifolin) isomers (59, 62, 65). Benzenetriol derivatives have been noted 
to undergo oxidation reactions to produce black insoluble products.32 Compounds associated with 
Group II were identified as the glycosylated hydroquinone (p-diphenol), arbutin (10) and its 
derivatives 51 and 53. Hydroquinone derivatives are known to produce black insoluble polymers 
through a series of enzymatic and non-enzymatic reactions upon oxidation.33  
 





Figure 4.2: Principal component analysis (PCA) scores plot (A) and a hierarchical analysis component (HCA) dendrogram (B) showing 
the grouping of 12 pure Protea species based on metabolite data. The scores plot (A) and dendrogram (B) suggests that these species 
segregate into three groups. Group I (green circle) is made up of P. burchellii, P. laurifolia and P. neriifolia; Group II (blue circle) 
contains P. susannae, P. compacta, P. cordata and P. repens; and Group III (red circle) is made up of P. mundii, P. nitida, P. 
grandiceps, P. cynaroides and P. obtusifolia.     




Recently, six novel arbutin-derived metabolites were identified in other Proteaceae members,34 
which were hypothesised to be potential markers for ancient Proteaceae species. Group III was 
associated with features characterised as organic acids (1, 3-5), protocatechuic alcohol 
derivatives (14, 54, 61), protocatechuic acid derivatives (17, 19, 54), vanillic acid-O-hexoside (20), 
p-hydroxybenzoic acid derivatives (26, 39), feruloyl-O-hexoside isomers (31, 37) and flavonol 
derivatives (79, 86, 91, 92). The levels of the metabolites that are responsible for the clustering 
observed to produce Group III on the PCA scores plot (Figure 4.2A) are often enhanced in plants 
as a protective response against biotic and abiotic stressors.35–41 The prominence of these 
protective metabolites in the species forming the cluster in Group III (such as P. grandiceps and 
P. cynaroides) might explain why these particular species are not particularly susceptible to 
blackening.  
Previously,  Proteaceae members not prone to blackening were noted to contain C-glycoside 
esters, like the diastereoisomers leucodrin and conocarpin, typically found in the species of the 
genera Leucadendron and Leucospermum.42 These diastereoisomers which have been 
hypothesised to protect these species against blackening, were not detected in the Protea plant 
samples inspected in this study, nor were they reported in a previous study.42   
 
Figure 4.3: A simplified PCA biplot showing the potential biomarkers linked to the 12 Protea pure 
species comprising Group I, II and III in Figure 4.2. For a complete biplot, the reader is referred 
to Figure S4.2 in the Supplementary Information.  





To visualize the above discussion, boxplots representing the three groupings were generated 
(Figure 4.4) to show how the selected metabolites from Table S4.3 (Supplementary Information) 
are distributed across the different species and how the levels of these metabolites contributed to 
the clustering patterns and hierarchical arrangements observed in Figure 4.2. This figure may 
provide insight into which metabolites may play a synergistic role in, or may serve as markers for,  
the susceptibility of some Protea species, selections and cultivars to leaf blackening.10,17,43,44   
4.3.2.2. Protea cultivars 
A vase life study was conducted using four Protea cultivars: ‘Pink Ice’ (P. compacta x P. 
susannae), ‘Carnival’ (P. compacta x P. neriifolia), ‘Susara’ (P. susannae x P. magnifica) and 
‘Sylvia’ (P. eximia x P. susannae). The cultivars evaluated are considered to be susceptible to 
leaf blackening as they are derived from species with known susceptibility.6–9 The leaves of P. 
neriifolia and P. compacta (among other species), for example, have been shown to blacken 3 to 
7 days post-harvest.45  P. neriifolia and P. compacta occurred in Groups I and II, respectively, in 
Figure 4.2, as such in this section ‘Carnival’, a hybrid of P. neriifolia and P. compacta,  will be 
discussed as a representative example of the cultivars studied in the vase life study. The cultivars 
were studied to analyze metabolite differences over a three-week period in order to determine the 
biomarkers linked to leaf blackening. Sample differences are shown in the PCA scores plot 
(Figure S4.3, Supplementary Information), which confirm clear differentiation of metabolite 
profiles as a function of time.   






Figure 4.4: Boxplots showing the distribution of compounds 10, 54 and 65 and how their peak intensities contributed to the clustering and hierarchical 
patterns observed for Groups I, II and III in Figure 4.2. Group I (P. neriifolia, P. burchellii and P. laurifolia) was characterized by metabolites derived from 
benzenetriol, such as 65 (benzoylhexoside of hydroxyquinol (benzoyl-O-hexoside-O-hydroxyquinol, previously referred to as neriifolin) isomer 3). Group 
II (P. susannae, P. compacta, P. repens and P. cordata) was characterised by hydroquinone derivatives such as 10 (arbutin (hydroquinone-O-hexoside)) 
and Group III (P. mundii, P. obtusifolia, P. cynaroides, P. nitida and P. grandiceps) by metabolites derived from protocatechuic acid such as 54 
(protocatechuic acid-O-hexoside-O-protocatechuic alcohol isomer 2). All significant differences are based on ANOVA with p ≤ 0.01.




For further analysis of the significant metabolites, a ‘variable importance in projection’ (VIP) 
plot was constructed for `Carnival’ (Figure 4.5). The VIP plot for the other three cultivars (‘Pink 
Ice’, ‘Susara’ and ‘Sylvia’) are included in Figure S4.4 (Supplementary Information). The VIP 
plot summarizes the overall contribution of the features across all samples, allowing the 
selection of statistically important metabolites.46 The VIP score of each feature is directly 
proportional to its significance: the higher the VIP score (≥ 1), the more significant a feature is 
in explaining differences between two or more treatments. The 30 most significant metabolites 
are shown in Figure 4.5. As expected, a decrease in metabolite levels over the three-week 
period was observed, suggesting a reduction in the overall phenolic content. However, an 
increase in metabolites such as organic acid derivatives (1, 5), sugars (8), hydroxycinnamic 
acid derivative (24), p-hydroxybenzoic acid derivatives (26, 53), protocatechuic acid 
derivatives (50), and unknowns of significant importance (95, 96, 98, 100, 101, 103, 104, 106) 
were observed (Figure 4.5). Interestingly, most of these metabolites (1, 24, 26, 50, 53) were 
associated with Group III species with low susceptibility to leaf blackening in section 4.3.2.1, 
suggesting that a stress response triggers an increase in the production of these metabolites. 
Notably, this observation further suggests that the propensity to produce these stress 
response metabolites biologically at low levels is the possible cause for the susceptibility of 
some Protea species and cultivars to leaf blackening.  
 
Figure 4.5: ‘Variable importance in projection’ (VIP) plot showing the 30 most statistically 
significant metabolites linked to the leaf tissue blackening of ’Carnival’ (P. compacta x P. 
neriifolia) over a three week period.  




4.3.2.3. Metabolic pathways affected by the onset of leaf blackening in 
‘Carnival’ 
The metabolome view of the progression of leaf blackening over a three-week period are 
summarised in Figure 4.6. Unlike most pathway analysis tools, Metaboanalyst, the online 
software used in the present work, integrates two analysis approaches: pathway (or metabolite 
set) enrichment analysis (shown on the y-axis) and pathway topology analysis  (shown on the 
x-axis).30 Pathway enrichment analysis identifies metabolic pathways that are affected as a 
result of significant perturbations to metabolite concentrations, due to a response to 
treatment.30 Pathway topological analysis calculates the importance of the metabolite in a 
given metabolic network.30 From Figure 4.6, we are able to visualise specific metabolic 
pathways that the uploaded list of metabolites matched, as well  as gather the importance of 
the metabolite(s) in a given metabolic network. Based on the metabolomic pathway analysis, 
the matched metabolites primarily participated in the following pathways: 1) the pentose 
phosphate pathway, 2) fructose and mannose metabolism, 3) amino sugar and nucleoside 
sugar metabolism, 4) ascorbate and aldarate metabolism, 5) galactose metabolism, 6) the 
citrate (TCA) cycle, 7) glyoxylate and dicarboxylate metabolism, 8) starch and sucrose 
metabolism, 9) stilbenoid, diarylheptanoid and gingerol biosynthesis, 10) flavonoid 
biosynthesis, 11) phenylpropanoid biosynthesis, and 12) flavone and flavonol biosynthesis. 
The metabolic pathways most impacted (impact factor ≥ 0.1) were pathways 11 and 12 (larger 
circles), whereas pathways significantly affected (-log(p) ≥2.99) were pathways 1-4 (circles 
highlighted in a dark red shade), the majority of which are linked to the sugar metabolism. 
These results support the theory that the cause of blackening in Protea species, selections 
and cultivars is linked to a reduction in the carbohydrate content,3,7,8,11–13 and might explain 
why sugar pulsing after harvesting is currently the most effective treatment to delay the onset 
of leaf blackening in susceptible species and cultivars.4,5,8,47 The author acknowledge that the 
majority of the metabolites studied were phenolic compounds and this, thus, affects the 
resulting pathways enriched, the selection of extraction solvents is also biased towards certain 
compounds (i.e. pathways 11 and 12).  





Figure 4.6: Summary of the pathway analysis showing the metabolic pathways arranged 
based on the scores from the enrichment analysis (y-axis) and from the topology analysis (x-
axis). The colour of each circle is based on the p-value (-log(p) ≥2.99) and the size of the circle 
is based on the pathway impact value (impact factor ≥ 0.1). The darker colour (dark red) 
denotes the most affected pathway and the bigger the size of the circle the more significantly 
impacted the pathway is. Metabolic pathways affected or impacted during the leaf-blackening 
process include: 1) the pentose phosphate pathway, 2) fructose and mannose metabolism, 3) 
amino sugar and nucleoside sugar metabolism, 4) ascorbate and aldarate metabolism, 5) 
galactose metabolism, 6) the citrate (TCA) cycle, 7) glyoxylate and dicarboxylate metabolism, 
8) starch and sucrose metabolism, 9) stilbenoid, diarylheptanoid and gingerol biosynthesis, 
10) flavonoid biosynthesis, 11) phenylpropanoid biosynthesis, and 12) flavone and flavonol 
biosynthesis. 
 
4.3.3. Anthocyanin distribution in Protea inflorescences 
 Protea species are acclaimed for their striking flowerheads, which contain pigments 
ranging from white, pink to red.26 White and pale-yellow colours are associated with the 
presence of flavonols, while pink and red (as well as blue-purple) colours are indicative of the 
presence of anthocyanins (anthocyanidin-O-glycosides) in plants.48,49 Until recently, the 
anthocyanin pigments responsible for Protea colours were undescribed;50 we recently 




characterised five anthocyanins present in two Protea species and two cultivars as delphinidin-
O-hexoside (71), cyanidin-O-hexoside (74), petunidin-O-hexoside (75), peonidin-O-hexoside 
(76) and malvidin-O-hexoside (80) (Chapter 3).29 In the present work, which involved a much 
larger sample set comprising pure species, selections and hybrids, the same five anthocyanins 
were detected. As summarised in Tables 4.1 and 4.2, cyanidin-O-hexoside (74) was found to 
be the most prevalent anthocyanin. This pigment was detected in 27 pink to red coloured 
flower-heads of the pure species (P. susannae, P. compacta, P. neriifolia, P. burchellii, P. 
laurifolia, P. obtusifolia and P. cyanaroides), as well as the selections (‘Barbigera’, ‘Carli’, 
‘Crinkle Cut’, ‘Red Magic’, ‘Liamarie’, ‘Chelsea’ and ‘Suzanne’) and the cultivars (‘Pink Ice’, 
‘Carnival’, ‘Black Beauty’, ‘Sylvia’, ‘Sharonette’, ‘Venus’, ‘Robyn’, ‘Brenda’, ‘Lady Di’, ‘Niobe’, 
‘Didi’, ‘Sheila’ and ‘Cerise’). Notably, the other four detected anthocyanins (71, 75, 76 and 80) 
were distributed only in pure species, selections and cultivars with black-bearded (tufted) 
flowerheads (P. neriifolia, P. burchellii, P. laurifolia, ‘Black Beauty’, ‘Niobe’, ‘Didi’, ‘Carli’, 
‘Crinkle Cut’, ‘Red Magic’ and ‘Liamarie’, Figure S4.5, Supplementary Information). These 
plants all have pink to deep red coloured flowerheads, except for ‘Niobe’ which has a 
white/lime coloured flowerhead (Figure S4.5, Supplementary Information) suggesting the 
anthocyanins detected are expressed in the tufts of the flowerhead. Thus, the tufts were 
separated from the remaining parts of the involucral bracts and analysed, confirming that the 
five anthocyanins were present solely in the beards and not the bracts of the flowerheads 
(Figure S4.6, Supplementary Information). During flavonoid biosynthesis, precursors such as 
leuco-anthocyanins form part of the intermediates in the production of anthocyanins (or 
anthocyanidins).51 Browning studies have hypothesised that the leaching out of leuco-
anthocyanins from the Protea stems into the vase water is associated with the blockage of the 
xylem vessels, which causes water stress and may contribute to blackening.28  
 
4.4. Conclusion 
In conclusion, untargeted metabolomics guided tools were used in the present study to 
investigate differences in metabolite levels between Protea species, selections and cultivars. 
Our findings point to the levels of benzenetriol (9, 12, 59, 62, 64), anthocyanins (71, 74-76, 
80) and/or hydroquinone (10, 51, 53) derivatives being linked to the susceptibility of Proteas 
to leaf blackening. On the other hand, organic acids (1, 3-5), protocatechuic alcohol derivatives 
(14, 54, 61), protocatechuic acid derivatives (17, 19, 54), vanillic acid-O-hexoside (20), p-
hydroxybenzoic acid derivatives (26, 39), feruloyl-O-hexoside isomers (31, 37) and flavonol 
derivatives (79, 86, 91, 92) were linked to the Protea species not prone to blackening. A vase 
life study indicated that these protective metabolites are released as a stress response during 




the browning process in the susceptible cultivars. The innate production of these protective 
metabolites at lower levels in susceptible species and cultivars may be the reason for the 
manifestation of the blackening process upon stress. Our findings confirm that the progression 
of blackening impacts the sugar metabolism pathways, as has been previously reported.3,7,8,11–
13 Finally, metabolites that could be of phenotypic/physiological importance in the browning 
process were highlighted (notably the benzenetriol and hydroquinone derivatives 9, 10, 12, 
51, 53, 59, 62, 64, 65). These metabolites could be used as potential biomarkers of browning 
susceptibility in Protea species, selections and cultivars. Such observations serve as 
preliminary insights relevant to the development of new cultivars that are not/less susceptible 
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Table S4.1: List of Protea species, cultivars and selections obtained from different suppliers and grown in different locations and under different conditions.  
Plant name Plant type Supplier Locality Growing conditions 
P. susannae Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. compacta Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. neriifolia Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. burchellii Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. obtusifolia Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. repens Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. cynaroides Pure species Harold Porter National Botanical Garden 34°21′06″S 18°55′37″E Wild population conditions 
P. nitida Pure species Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
P. grandiceps Pure species Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
P. laurifolia Pure species Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
P. cordata Pure species Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Barbigera’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Ice Queen’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Venus’ (P. repens x P. aristata) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Brenda’ (P. compacta x P. burchellii) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Cerise’ (P. magnifica x P. obtusifolia) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Robyn’ (P. glabra x P. laurifolia) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Liamarie’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Red Magic’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Suzanne’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Lady Di’ (P. compacta x P. magnifica) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Chelsea’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Crinkle Cut’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Niobe’ (P. laurifolia x P. magnifica) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Maria’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Didi’ (P. laurifolia x P. magnifica) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Sheila’ (P. magnifica x P. burchellii) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘White Night’ (P. longifolia x P. repens) Cultivars Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
‘Carli’ (P. magnifica selection) Selection Berghoff-fynbos farm 33°00′S 18°59′E Standard cultivation practices 
Sharonette’ (P. eximia x P. susannae) Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
‘Black Beauty’ (Sheila (P. magnifica x P. burchellii) 
cross) 
Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
‘Sylvia’ (P. eximia x P. susannae) Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
‘Susara’ (P. magnifica x P. susannae) Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
‘Carnival’ (P. compacta x P. neriifolia) Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
‘Limelight’ (P. neriifolia x P. burchellii) Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
‘Pink Ice’ (P. compacta x P. susannae) Cultivars FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 
P. mundii Pure species FynBloem 34°09′01″S 19°54′52″E Standard cultivation practices 





Figure S4.1: The manifestation of leaf blackening in the cultivar ‘Pink Ice’ (P. susannae x P. compacta) seven days post-harvest, expressed on the lateral leaf margins. 
 
Table S4.2:  Summary of the analytical data for the `new’ compounds identified in the studied Protea plants by UPLC-PDA-HR-MS.  
Number Compound Adduct tR 
(min) 













Organic and Sugar acids 
1 Gluconic acid [M-H]- 1.58 195.0505 (bp)  -0.5 195-> 177.0380; 159.0350; 99.0029; 89.0231; 75.0099; 71.0114; 
59.0133; 57.0362  
C6H12O7 - 116.3 2 1 
2 Xylonic acid [M-H]- 1.60 165.0401 -1.2 165-> 153.0001; 126.8284; 105.0192; 75.0090 (bp) C5H10O6 - - 2 2 
3 Quinic acid [M-H]- 1.78 191.0544 -3.1 191-> 173.0373; 171.0340; 127.0379; 111.0423; 109.0284; 93.0349; 
87.0097; 85.0298 (bp) 
C7H12O6 - 116.5 2 1 
4 Isocitric acid [M-H]- 2.15 191.0201 (bp) 2.6 191-> 173.0117; 154.9945; 129.0173; 117.0193; 111.0103; 85.0313; 
73.0118 
C6H8O7 - - 2 1 
5 Citric acid [M-H]- 3.33 191.0187 (bp) -4.2 191-> 154.9363; 129.0007; 116.9656; 111.0079; 87.0086; 85.0268 C6H8O7 - - 2 1 
Sugars 
6 Hexose [M-H]- 1.58 179.0556 (bp) 2.2 179-> 142.9642; 131.0438; 96.9618; 89.0223 C6H12O6 - 117.0 3 1 
7 Hexoside-O-deoxy-hexose isomer 1 [M-H]- 1.94 325.1135 (bp) -2.2 325-> 179.0541; 163.0524 C12H22O10 - 160.0 3 MSE 
8 Hexoside-O-deoxy-hexose isomer 2 [M-H]- 2.97 325.1130 (bp) -3.1 325-> 179.0484; 163.0590 C12H22O10 - 160.0 3 MSE 
Phenolic acids 
18 Piscidic acid [M-H]- 8.49 255.0505 (bp) -1.2 255-> 211.0297; 193.0415; 179.0359; 165.0554; 149.1361 C11H12O7 275 143.0 2 1,3 
22 p-Hydroxybenzoic acid-O-hexoside isomer 1 [M-H]- 9.48 299.0761 (bp) 2.3 299-> 137.0343; 93.0408 C13H16O8 260 164.2 3 MSE 
25 Protocatechuic acid-O-rhamnoside isomer 1 [M-H]- 10.33 299.0758 -2.3 299-> 153.0179 (bp); 109.0287; 108.0194 C13H16O8 260 164.2 3 MSE 
27 Protocatechuic acid-O-rhamnoside isomer 2 [M-H]- 10.65 299.0770 (bp) 0.7 299-> 153.0179; 109.0287; 108.0194 C13H16O8 261 164.2 3 MSE 
28 p-Hydroxybenzoic acid-O-hexoside isomer 2 [M-H]- 11.19 299.0767 1.0 299-> 137.0343; 93.0408 (bp) C13H16O8 260 164.2 3 MSE 
29 Caffeoyl-O-hexoside [M-H]- 11.50 341.0869 (bp) 2.6 341-> 179.0378; 135.0457  C15H18O9 290, 326 163.2 3 MSE 
36 Protocatechuic acid-O-arbutin isomer 1 [M-H]- 13.45 407.0962 2.2 407-> 153.0186 (bp); 109.0262; 108.0283 C19H20O10 266 181.6 3 MSE 
41 Protocatechuic acid-O-arbutin isomer 2 [M-H]- 14.12 407.0978 (bp) 0.0 407-> 153.0228; 109.0272; 108.0283 C19H20O10 262 181.6 3 MSE 
45 p-Hydroxybenzoic acid-O-deoxy-hexose isomer 3 [M-H]- 14.65 283.0818 -2.1 283-> 137.0216 (bp); 93.0318 C13H16O7 260 157.9 3 4,5 




47 Protocatechuic acid-O-arbutin isomer 3 [M-H]- 14.79  407.0981 (bp)  -1.0 407-> 297.0605; 153.0187; 109.0293; 108.0234 C19H20O10 262 181.6 3 MSE 
48 Protocatechuic acid-O-hexoside-O-protocatechuic 
alcohol isomer 2 
[M-H]- 14.99 437.1083 -0.5 437-> 153.0194; 139.0388 (bp); 121.0281; 109.0293 C20H22O11 263 181.1 3 1 
49 Protocatechuic acid-O-arbutin isomer 4 [M-H]- 15.19  407.0976 (bp) -0.5 407-> 297.0588; 153.0189; 109.0299; 108.0252 C19H20O10 263 181.6 3 MSE 
50 Protocatechuic acid derivative isomer 1 [M-H]- 17.03 405.0823 1.5 405-> 295.0457; 159.0301; 153.0205 (bp); 109.0287 C19H18O10 262 178.5 3 MSE 
52 Hydroxyquinol-O-hexoside-O-acetyl derivative 
isomer 1 
[M-H]- 17.37 435.1288 (bp) 3.7 435-> 417.1245; 329.0907; 287.0659; 269.0443; 125.0241 C21H24O10 284 195.0 3 MSE 
55 Caffeoyl-O-polygalatol-O-hydroxyquinol isomer 1 [M-H]- 17.76 433.1136 (bp) 0.2 433-> 323.0791; 179.0352; 161.0264; 135.0465; 133.0303; 109.0288; 
108.0251 
C21H22O10 294, 326 192.5 3 MSE 
56 Caffeoyl-O-polygalatol-O-hydroxyquinol isomer 2 [M-H]- 18.14 433.1136 (bp) -3.2 433-> 323.0791; 179.0352; 161.0264; 135.0465; 133.0303; 109.0288; 
108.0251 
C21H22O10 294, 326 192.5 3 MSE 
57 Hydroxyquinol-O-hexoside-O-acetyl derivative 
isomer 2 
[M-H]- 18.71 435.1278 4.1 435-> 417.1166; 329.0867; 287.0761; 269.0657; 125.0239 (bp) C21H24O10 284 195.2 3 MSE 
58 Hydroxyquinol-O-hexoside-O-acetyl derivative 
isomer 3 
[M-H]- 18.96 435.1289 0.0 435-> 417.1379; 329.0863; 287.0772; 125.0242 (bp) C21H24O10 284 195.2 3 MSE 
66 Eximin isomer 2 [M-H]- 22.05 375.1080 1.6 375-> 121.0338; 109.0289 (bp); 108.0199 C19H20O8 282 182.1 3 6,7 
Unknowns 
94 237_1.79 [M-H]- 1.79 237.0595 -3.4 237->129.0183; 113.0152; 87.0106 (bp) C8H14O8 - 139.3 4 MSE 
95 317_1.83 [M-H]- 1.83 317.0521 (bp) 4.1 317>225.0044 C12H14O10 - 153.35 4 MSE 
96 267_1.93 [M-H]- 1.93 267.0717 (bp) -3.0 267->149.0450; 119.0341; 113.0238; 101.0239; 89.0242; 85.0238 C9H16O9 - 332.8 4 MSE 
97 209_1.95 [M-H]- 1.95 209.0661 (bp) 2.9 209->179.0606; 149.0423; 71.0122; 59.0128 C7H14O7 - 126.3 4 MSE 
98 203_4.28 [M-H]- 4.28 203.0191 (bp) -2.5 203->113.0359; 111.0079; 97.0107; 79.0189 C7H8O7 - 116.0 4 MSE 
99 329_6.66 [M-H]- 6.66 329.0867 -0.9 329->153.0215; 139.0361; 135.0356; 123.0466; 122.0335 (bp) C14H18O9 283 176.8 4 MSE 
100 295_7.84 [M-H]- 7.84 295.1036 (bp) 0.0 295->217.0560; 119.0378 C11H20O9 - 157.6 4 MSE 
101 417_8.09 [M-H]- 8.09 417.1397 (bp) -1.0 417->371.0962; 307.1109; 137.0225; 125.0249; 119.0342; 103.0403; 
89.0229; 71.0135 
C18H26O11 - 195.5 4 MSE 
102 205_9.87 [M-H]- 9.87 205.0711 -0.5 205->143.0699; 129.0556; 115.0760 (bp) C8H14O6 279 126.4 4 MSE 
103 451_12.62 [M-H]- 12.62 451.2179 2.7 451->325.0979; 179.0363; 161.0303 (bp); 135.0442; 133.0296 C20H36O11 294, 326 205.6 4 MSE 
104 239_12.98 [M-H]- 12.98 239.0548 (bp) -3.3 239->149.0607; 91.0558 C11H12O6 - 138.6 4 MSE 
105 487_13.22 [M-H]- 13.22 487.1452 0.2 487->325.0919; 179.0411; 161.0257 (bp); 135.0642; 133.0147 C21H28O13 - 210.3 4 MSE 
106 431_15.12 [M-H]- 15.12 431.1917 -1.4 431->153.0737 (bp); 161.0243; 109.0262 C20H32O10 295 198.0 4 MSE 
107 465_15.73 [M-H]- 15.73 465.1033 -3.7 465->177.0166; 133.0298 (bp) C21H22O12 283 192.0 4 MSE 
108 449_15.89 [M-H]- 15.89 449.1096 (bp) 0.7 449->295.0463; 177.0190; 153.0189; 133.0286; 109.0301 C21H22O11 - 195.0 4 MSE 
109 399_16.18 [M-H]- 16.18 399.1291 -2.3 399->325.0960; 161.0429 (bp); 109.0286 C18H24O10 285, 326 201.3 4 MSE 
110 475_17.39 [M-H]- 17.39 475.1811 -2.1 475->177.0184; 163.0601 (bp); 125.0229; 103.0387  C21H32O12 - 210.5 4 MSE 
111 337_17.42 [M-H]- 17.42 337.0570 -1.2 337->159.0300 (bp); 151.0401; 133.0289; 125.0239 C15H14O9 280 159.8 4 MSE 
112 407_17.62 [M-H]- 17.62 407.0978 2.7 407->281.0655; 137.0238; 125.0251 (bp) C19H20O10 280 181.6 4 MSE 
113 449_18.01 [M-H]- 18.01 449.1080 -1.1 449->221.0469; 271.0249; 179.0375; 161.0259; 133.0295; 125.02422 
(bp) 
C21H22O11 293, 326 195.0 4 MSE 
114 313_19.01 [M-H]- 19.01 313.0919 -1.3 313->287.0800; 253.0723; 179.0327; 161.0351; 159.0317 (bp); 
135.0441; 125.0236; 109.0289 
C14H18O8 285 170.7 4 MSE 
115 313_19.32 [M-H]- 19.32 313.0921 -1.3 313->271.0841; 179.0326; 161.0415 (bp); 159.0415; 135.0442; 
125.0238; 109.0297 
C14H18O8 285 170.7 4 MSE 
116 431_20.63 [M-H]- 20.63 431.0978 -1.4 431->321.0569; 179.0365; 161.0339; 159.0292 (bp); 135.0421; 
73.0236 
C21H20O10 315 189.6 4 MSE 
 bp = Base Peak  
Levels of identification: 1= Identified compound (reference standard available), 2= Tentatively annotated (MS spectra compared with reference standard in literature), 3= Putatively characterised (compared to compound class or isomers) and 4= Unknown 
compound 





Figure S4.2: Principal component analysis (PCA) biplot of the potential biomarkers linked to the Protea species making up Group I, II 
















Table S4.3: Summary of the features associated with the clustering patterns observed on the 2D scores plot and HCA dendrogram 
(Figure 4.2) resulting in three groups. Refer to section 4.3.2.1 for further details and discussion. 
Molecule number Feature (mz/tR) Metabolite Group I Group II Group III 
1 195/1.58 Gluconic Acid   √ 
3 191/1.68 Quinic acid   √ 
4 191/2.15 Isocitric acid    √ 
5 191/3.33 Citric acid    √ 
6 179/1.58 Hexose   √ 
9 287/4.14 Phlorin (phloroglucinol-O-hexoside) √   
10 271/5.71 β-Arbutin (hydroquinone-O-hexoside)  √  
12 287/6.26 Hydroxyquinol-O-hexoside √   
14 301/7.23 Protocatechuic alcohol-O-hexoside isomer 2   √ 
17 315/8.43 Protocatechuic acid-O-hexoside isomer 2   √ 
19 153/8.82 Protocatechuic acid   √ 
20 329/8.98 Vanillic-O-hexoside   √ 
26 283/10.60 p-hydroxybenzoic acid-O-deoxy-hexose isomer 1   √ 
31 355/11.96 Feruloyl-O-hexoside isomer 1   √ 
37 355/13.51 Feruloyl-O-hexoside isomer 2   √ 
39 423/13.89 p-hydroxybenzoic acid derivative   √ 
51 391/17.16 p-hydroxybenzoic acid-O-arbutin isomer 1  √  
53 391/17.58 p-hydroxybenzoic acid-O-arbutin isomer 2  √  
54 437/17.68 Protocatechuic acid-O-hexoside-O-protocatechuic alcohol isomer 3   √ 
59 391/19.63 Benzoylhexoside of hydroxyquinol (benzoyl-O-hexoside-O-hydroxyquinol, 
previously referred to as neriifolin) isomer 1 
√   
60 405/20.37 Hydroxyquinol-O-hexoside derivative isomer 1 √   
61 405/21.17 Lacticolorin/Pilorubrosin (benzoyl-O-hexoside-O-protocatechuic alcohol) 
isomer 1 
  √ 
62 391/21.29 Benzoylhexoside of hydroxyquinol isomer 2 √   
64 375/21.51 Eximin (6-O-benzoyl-O-arbutin) isomer 1  √  
65 391/21.75 Benzoylhexoside of hydroxyquinol isomer 3 √   
67 405/22.08 Hydroxyquinol-O-hexoside derivative isomer 2 √   
79 463/18.16 Quercetin-O-galactoside   √ 
86 447/20.20 Kaempferol-O-glucoside   √ 
91 431/22.37 Kaempferol-O-deoxy-hexose   √ 
92 315/26.17 Isorhamnetin   √ 
Group I comprise of P. neriifolia, P. burchellii and P. laurifolia; Group II P. compacta, P. cordata, P. repens and P. susannae; and Group III P. cynaroides, P. grandiceps, P. mundii, P. 
nitida and P. obtusifolia.  





Figure S4.3: Principal component analysis (PCA) scores plot showing similarities and differences between the leaf tissue samples of the cultivar 
(A) ‘Pink Ice’ (P. compacta x P. susannae), (B) ‘Carnival’ (P. compacta x P. neriifolia), (C) ‘Susara’ (P. susannae x P. magnifica) and (D) ‘Sylvia’ 
(P. eximia x P. susannae) sampled over a three-week period post-harvest. The scores plot was constructed between Component 1 and Component 
2, accounting for 83.2%, 78.4%, 89.4% and 81.7% of the variation, respectively. 





Figure S4.4: ‘Variable importance’ in projection (VIP) plot showing the 30 most statistically significant metabolites linked to the leaf tissue blackening of (A) ‘Pink Ice’ (P. 
compacta x P. susannae), (B) ‘Susara’ (P. susannae x P. magnifica) and (C) ‘Sylvia’ (P. eximia x P. susannae) over a three-week period. 





Figure S4.5: Examples of the bearded Protea cultivars ‘Didi’ (P. magnifica x P. laurifolia), ‘Black Beauty’ (Sheila (P. magnifica x P. 
burchellii) cross) and ‘Niobe’ (P. magnifica x P. laurifolia). 
 
 
Figure S4.6:   UV chromatogram at 500 nm showing the detection of five anthocyanins, namely delphinidin-O-hexoside (71), 
cyanidin-O-hexoside (74), petunidin-O-hexoside (75), peonidin-O-hexoside (76) and malvidin-O-hexoside (80), in the bearded part 
(A) and not in the bract part (B) of the inflorescences of the cultivar ‘Niobe’ (P. magnifica x P. laurifolia).  
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Chapter 5: Application of direct injection-ion mobility mass 
spectrometry (DI-IM-MS) for the analysis of Honeybush and 
Rooibos tea samples 
 
Abstract  
Consumer awareness of the health benefits of herbal teas (i.e., rooibos and honeybush tea) lead 
to an increase in production demand and to inevitable accidental or deliberate adulterations. In 
this study, direct injection-ion mobility mass spectrometry (DI-IM-MS) is proposed as a rapid 
methodology for the differentiation of rooibos and honeybush blends (adulterations). Analytical 
data was obtained from 100 rooibos, 130 honeybush and 7 blend samples. Quantitative data was 
acquired with the aid of DI-IM-MS and compared with data obtained using traditional ultra-high 
performance liquid chromatography mass spectrometry (UPLC-MS). For DI-IM-MS analyses, 
descriptive chemometrics showed differences between samples of rooibos and honeybush 
blends (adulterations), and further showed the diagnostic value of marker compounds in 
distinguishing the three commercialised honeybush species (Cyclopia intermedia, C. genistoides 
and C. subternata). Markers such as eriodictyol-C-hexose isomers (4-6), orientin (9), aspalathin 
(10), and vitexin (13) were characteristic of blends containing more than 80% of rooibos plant 
material, and quinic acid (22), iriflophenone-3-C-glucoside-4-O-glucoside (24), C-
glycosylxanthones isomers (mangiferin (29) and isomangiferin (30)), and eriodictyol (39) were 
characteristic of blends containing more than 80% of C. intermedia plant material. Furthermore, 
the C-glycosylxanthones isomers (mangiferin (29) and isomangiferin (30)) were prominent in C. 
genistoides, quinic acid (22) was prominent in C. subternata and piscidic acid (1) was prominent 
in C. intermedia plant material. The traditional UPLC-MS method showed more linear calibration 
curves (R2 > 0.995) than the DI-IM-MS method (R2 > 0.955) during quantification. Lastly, phenolic 
compounds in the herbal teas were characterised based on an array of complementary 
descriptors (e.g., retention time, drift time, accurate mass information, tandem MS, and TWCCSN2) 









Rooibos (Aspalathus linearis) and honeybush (Cyclopia spp) tea are proudly South African 
products and are protected as geographical indications (GI).1 These herbal teas are exported 
internationally and have health-promoting properties such as anti-diabetic, anti-obesity, anti-
cancer, amongst others.2,3  
There are more than 20 known Cyclopia species that can be used for tea, but the bulk of 
production comprises of wild-harvested Cyclopia intermedia.3–5 The C-glycosylxanthone 
mangiferin and its isomer isomangiferin occur in high concentration in all the commercial 
honeybush tea,3 but are absent in rooibos and black tea. Aspalathin is one of the main phenolic 
compounds in rooibos,2 but not present in honeybush or black tea. Most of the phenolic 
compounds are oxidised during fermentation of rooibos (low temperature oxidation process 
involving polyphenol oxidase enzyme), especially aspalathin and nothofagin,6,7 and honeybush 
(high-temperature oxidation process).3 These compounds in conjunction with caffeine, which is 
absent in these teas,8 are markers that can be easily used to distinguish the teas. The flavones, 
orientin, isoorientin, vitexin and isovitexin are other main constituents in rooibos, while honeybush 
contains benzophenones (iriflophenone-3-C-glucoside and iriflophenone-3-C-glucoside-4-O-
glucoside), flavanones (e.g., hesperidin) and flavones (e.g., vicenin-2). Blends of rooibos and 
honeybush are also prevalent on the market, but no regulations exist that specify the minimum 
content of each for labelling purposes. Furthermore, Cyclopia species can be pooled together 
before or after processing due to a limited amount of available product per species.9 To control 
product authenticity for GI purposes, differentiation of the species and blends is important, thus 
necessitating analytical methodologies. High performance liquid chromatography (HPLC) with 
diode-array detection and ultra-high pressure liquid chromatography (UHPLC)-mass 
spectrometry (MS) methods for the analysis of major phenolic compounds in different Cyclopia 
species9–15 and rooibos teas6,16,17 have been documented, however these often require long 
chromatographic runs due to the complexity of phenolic compounds (i.e. the presence of multiple 
isomers).  
Ion mobility spectrometry (IMS) is an emergent technique whose efficiency in the 
characterization and analysis of compounds from different matrices, such as food samples, has 
been determined.18,19 IMS has become an appealing technology for the separation and detection 
of structurally similar metabolites, while also reducing the need for LC separation. During analysis, 
gas-phase ions are separated based on their different migrations through a region filled with a 
buffer gas submitted to an electric field maintained at atmospheric pressure.20,21 Separation is 




based on the ion’s physical properties, such as size, charge, and conformation (collision cross 
section, CCS). CCS values (measured in square Ångström, Å2) are characteristic for each ion 
and describe the physicochemical properties of the ion as it interacts with the neutral buffer gas, 
thus providing information of the ion’s shape which helps increase molecular information content 
and specificity for structural identification. IMS is revered for its rapidity and sensitivity, however 
when hyphenated to MS: 1) the possible separation of isomers,22 2) enhanced detection of low 
abundance metabolites,23,24 3) improved signal-to-noise (S/N) ratios,24 and 4) enhanced 
compound coverage,25 can be achieved. The potential applicability of IMS in the adulteration of 
honey,26–29 and olive oil29,30 have been demonstrated. 
In this study, the use of direct injection-ion mobility mass spectrometry (DI-IM-MS) as a simple 
and rapid test for the screening of major phenolic compounds in 100 rooibos, different Cyclopia 
species (100 C. intermedia, 15 C. genistoides and 15 C. subternata), and 7 blends of rooibos and 
honeybush was demonstrated. A DI-IM-MS method was developed and compared with the 
traditional UPLC-MS method for the separation and quantitation of 11 polyphenolic standards 
common in rooibos and honeybush extracts. Lastly, the extracted phenolics were further 
characterized based on an array of analytical molecular descriptors, particularly their TWCCSN2 
values.  
5.2. Materials and methods 
5.2.1. Materials  
Authentic standards were analytical grade (purity ≥ 95%) and purchased from Sigma-Aldrich 
(MO, USA) unless otherwise stated [isoorientin (luteolin-6-C-glucoside), orientin (luteolin-8-C-
glucoside), neoponcirin (isosakuranetin-7-O-rutinoside), scolymoside (luteolin-7-O-rutinoside), 
isovitexin (apigenin-6-C-glucoside), vitexin (apigenin-8-C-glucoside), rutin (quercetin-3-O-
rutinoside), hesperidin (hesperetin-7-O-rutinoside), hesperetin, quercetin, iriflophenone-3-C-
glucoside, eriodictyol-7-O-glucopyranoside, quercetin-3’-O-glucopyranoside, hyperoside, 
luteolin-7-O-glucopyranoside, apigenin, eriodictyol]. Iriflophenone-3-C-glucoside-4-O-glucoside 
(99% purity by LC–MS) was isolated from C. genistoides as described by Beelders et al.31 and 
phloretin-3’,5’-C-diglucopyranoside was isolated from C. subternata was obtained from 
Agricultural Research Council (ARC-Infruitec, Stellenbosch, South Africa). The rest of the 
authentic standards (purity ≥ 95%) were purchased from Phytolab (Vestenbergsgreuth, Germany; 
vicenin-2), Extrasynthese (Genay, France; narirutin, eriocitrin (eriodictyol-7-O-rutinoside), 
neoeriocitrin (eriodictyol-7-O-neohesperidoside), mangiferin (norathyriol-2-C-glucoside), luteolin), 
and Chemos (Regenstauf, Germany; isomangiferin (norathyriol-4-C-glucoside)). Aspalathin (3-




hydroxyphloretin-3’-C-glucoside) (>95%) and nothofagin (phloretin-3’-C-glucoside) (>95%) were 
obtained from PROMEC (Medical Research Council of South Africa, Tygerberg, South Africa). 
The phenolic standard stock solutions were prepared in dimethyl sulphoxide (DMSO) at 
concentrations of ca. 1.000 mg/mL and diluted with 50% (v/v) methanol in water containing 2% 
formic acid to 0.500 mg/mL.  
 
5.2.2. Samples  
Commercial herbal teas (100 rooibos (Aspalathus linearis) and 130 honeybush (100 Cyclopia 
intermedia, 15 C. genistoides, and 15 C. intermedia) were obtained during the period 2011, 2016 
to 2018 in the harvest seasons for rooibos (quality grades, A to D) and during the harvest seasons 
of honeybush (2016-2018). “Fermented” rooibos samples, sampled from different production 
batches, were obtained from different producers and/or plantations, and collected from Rooibos 
Ltd (Clanwilliam, Western Cape), the largest rooibos processing and marketing company. For 
honeybush, “fermented” samples were obtained from major producers in the Langkloof (Eastern 
Cape) for C. intermedia, Overberg region (Western Cape) for C. genistoides, and the Southern 
Cape and Langkloof for C. subternata. 
 
5.2.3. Methods 
5.2.3.1. Preparation of the calibration curve 
To distinguish between co-eluting isomers, two sets of standard mixtures were prepared. For 
calibration purposes, the following concentrations were prepared from the composite mixtures at 
concentrations of 0.500 mg/mL: 125, 62.5, 31.3, 15.6, 7.81, 3.91, 1.95, 0.980, 0.490, 0.240, 0.12, 
0.06 µg/mL with methanol/water/formic acid (50:48:2).    
5.2.3.2. Preparation of plant material 
Plant material were prepared as previously described by Małyjurek et al. 32 Briefly, 10.0 grams 
of dried “fermented” rooibos and honeybush plant material was finely milled using a Retsch mill 
with a 0.25 mm sieve (Retsch GmbH, Haan, Germany).  
5.2.3.3. Metabolite extraction 
For extraction, 1.00 g of powder was mixed with 15 mL of methanol/water/formic acid (50:48:2). 
After two hours, samples were subjected to sonication in an ultrasonic bath (0.5 Hz, Integral 
Systems, RSA) for one hour at room temperature. Post-sonication, samples were centrifuged 
(Hermle Z 160 M, LaborTechnik, Germany) at 15 994 xg for one hour to remove the cell debris. 




The resulting supernatants were placed in glass vials for analysis. Blends of rooibos and C. 
intermedia were prepared at varying concentrations (1, 5, 20, 50, 80, 95 and 99% of C. 
intermedia).   
5.2.3.4. Direct injection-ion mobility mass spectrometry (DI-IM-MS) and ultra-high 
performance liquid chromatography-mass spectrometry (UPLC-MS) analyses  
Samples (3 µL) were injected directly into a solvent stream (50% acetonitrile, 0.1% formic acid, 
isocratic elution) at a flow rate of 0.25 mL/min, using a Waters Acquity UPLC system coupled to 
a Synapt G2 quadrupole-time-of-flight (q-TOF) instrument (Waters Corporation, Manchester, 
U.K.). For MS detection, ESI- was used. Mass calibration was performed using a sodium formate 
solution and leucine enkephalin was used as the lock spray solution (m/z = 554.2771 reference 
mass). Operating conditions were as follows: capillary voltage 2.5 kV, sampling cone voltage 15 
V, source temperature 120°C, N2 was used as desolvation gas at 275˚C, desolvation gas flow 
650 L/hr, cone gas flow (N2) 50 L/hr. Data were acquired in the ion mobility scan mode (100–1500 
amu). Each sample was injected three times (3 technical replicates).  
 (TWIMS was performed using the following settings: extraction cone 4 V, helium cell gas flow 
180 mL/min, and IM buffer gas (N2) flow 110 mL/min. The wave velocity for ion mobility was set 
at 650 m/s and wave height at 40 V.33 Poly-DL-alanine34 and poly-L-malic acid35 were used as 
calibrants to determine TWCCSN2 values from the measured arrival time distributions in ESI- 
modes. Poly-DL-alanine was prepared in H2O/MeOH (50:50, v:v) at a concentration of 1.00 
mg/mL and poly-L-malic acid was prepared at 0.50 mM in MilliQ water as proposed by Forsythe 
et al.,35 5 µL of calibrants were injected in triplicate. Calibration was performed using singly 
charged poly-DL-alanine oligomers (n = 3 to 14) covering a mass range of 231 to 1012 Da and 
CCS values ranging from 150 to 308 Å2 in ESI-, and singly charged poly-L-malic acid oligomers 
(n = 1 to 8) covering a mass range of 134 to 946 Da and CCS values ranging from 113 to 260 Å2 
in ESI-. For data acquisition and processing, MassLynxTM 4.1 was utilized.  
The samples were also analysed with a short chromatographic run (7 min) to aid in compound 
identification. Briefly, 2 μL of extract was injected into UPLC-MS instrument equipped with an 
Acquity HSS T3 C18 column (2.1 mm × 50 mm, 1.8 μm, Waters). The mobile phase for the 
chromatographic analysis consisted of 0.1% formic acid in Milli-Q water (solvent A) and 0.1% 
formic acid in acetonitrile (solvent B), at a flow rate of 0.5 mL/min. The initial conditions were 5% 
B, maintained for 0.2 min, increased to 40% B at 5 min, and subsequently to 100% B at 5.10 min 
and returned to the initial conditions after 0.1 min. The gradient was followed by a 1.8 min isocratic 
wash at 5% B to re-equilibrate the column. The column temperature was maintained at 60 °C. 




This chromatographic run was monitored by MS conditions discussed above; whereby in MSE 
mode the collision energy ramped from 20 to 60 V (for mass range 40-1500 Da).  
5.2.3.5. Quantitative DI-IM-MS and UPLC-MS analyses and preliminary method 
validation  
For both DI-IM-MS and UPLC-MS, preliminary method validation included evaluation of 
linearity, intra-day repeatability (6 repeat injections). The limits of detection (LOD) and 
quantification (LOQ) were determined as 3.3 σ/S and 10 σ/S, respectively.36 Where σ the standard 
deviation of y-intercepts from 6 calibration curves and S is the slope of the calibration curve.36 For 
compounds unique to the respective herbal teas, the linear regression was performed to 
determine the slope, y-intercept and correlation coefficient (R2) using Microsoft Excel 2013 
(Microsoft Corporation, Redmond, WA, USA). Samples used for method validation were randomly 
chosen and included one C. genistoides, C. intermedia, C. subternata and A. linearis. Averaged 
concentrations of the 11 phenolics (iriflophenone-3-C-glucoside-4-O-glucoside, iriflophenone-3-
C-glucoside, (iso- and mangiferin), (iso- and orientin), aspalathin, eriocitrin, rutin, scolymoside, 
phloretin-3’,5’-C-diglucoside, nothofagin and quercetin) in the respective herbal tea samples were 
determined using UPLC-MS (Supplementary information, Figure S1). 
5.2.3.6. Metabolite annotation  
For compound annotation and identification, MSE fragmentation patterns, standards, and 
online databases such as Dictionary of Natural Products, KNApSAck, METLIN and ChemSpider 
were used. Experimental TWCCSN2 values (Å2) were compared to available literature.16,37–42 
5.2.3.7. Data processing and Multivariate data analyses (MVDA) 
All DI-IM-MS raw data (converted to mzML format) were processed using XCMS Online 
(https://xcmsonline.scripps.edu) to yield a data matrix containing drift times, accurate masses and 
peak intensities. Briefly, the XCMS processing parameters were as follows: matchedFilter for 
feature detection (with 30 FWHM, 0.01 minimum difference in m/z for peaks with overlapping drift 
times and 10 signal to noise ratio cutoff), and obiwarp for drift time (tD) correction. The 
chromatogram alignment parameters were: bandwidth of 5 sec (allowable tD deviations), minifrac 
of 0.5 (minimum fraction of samples necessary in at least one of the sample groups for it to be a 
valid group) and m/z width of 0.05 (width of overlapping m/z slices to use for peak density 
chromatograms and grouping peaks across samples). For multivariate data analysis and for 
visualization, MetaboAnalyst 4.0 (www.metaboanalyst.ca) was used. The data were normalized 
using the sample median and transformed by log normalization, and data scaling was performed 
using the Pareto scaling algorithm. The statistical significance was calculated by analysis of 




variance (ANOVA) for multigroup comparisons. The distribution of a select few 
annotated/identified metabolites (features) were visualized using box-and whiskers plots 
(boxplots).   
 
5.3. Results and discussion 
In this study, direct injection-ion mobility mass spectrometry (DI-IM-MS) with the aid of UPLC- 
MS and descriptive chemometrics was used to profile marker compounds in complex extracts of 
rooibos, honeybush (C. intermedia, C. genistoides and C. subternata) and the blends thereof. 
Samples of the herbal teas were concurrently ran with the available standards and the drift times 
were compared to aid in compound identification of the herbal teas (Table 5.1 and 5.2). Retention 
times and MS/MS data for the respective compounds and standards are also included in Table 
5.1 and 5.2. Thus, phenolic compounds in the herbal teas were characterized based on an array 
of complementary descriptors, such retention time, drift time, accurate mass information, tandem 
MS, and TWCCSN2. 
  
 




Table 5.1: List of compounds identified in Rooibos samples, showing retention time, drift time, precursor ion, elemental composition, MSE fragments, 
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19  Nothofagin 
(Phloretin-3’-C-
glucoside) 























Table 5.2: List of compounds tentatively identified in Cyclopia samples, showing retention time, drift time, precursor ion, elemental composition, MSE 






























22 Quinic acid [M-H]- 191.0545 C7H12O6 0.50 1.24 123.5 131.7 - 191-> 173.0362; 
111.0246 
- 



















25  Dihydroxybenzoic 
acid 
[M-H]- 153.0182 C7H6O4 1.66 1.10 116.0 124.8 118.6 
(TWCCSN2) 
153-> 109.0242 37 
26 Iriflophenone-3-C-
glucoside 
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[M-H]- 593.1523 C27H30O15 3.30 4.07 228.2 225.3 - 593-> 285.0393 Standard 
36 Phloretin-3’,5’-di-C-
glucoside 


















609-> 301.0699 Standard; 37 













[M-H]- 593.1779 C28H34O14 4.58 4.55 241.3 236.7 - 593-> 285.0940; 
270.0738 
Standard 














































5.3.1. DI-IM-MS application in the authentication of herbal teas 
DI-IM-MS mobilograms (Figure 5.1) show that the overall phenolic profile of these teas are 
overtly different, where the presence of the isomeric C-glycosylxanthones (at m/z 421 [M - H]-, 
(C19H18O11) drifting at drift time (tD) 2.76 (millisecond) ms for mangiferin (29) and tD 2.83 ms for 
isomangiferin (30)) is characteristic of the three honeybush species3,14 and the presence of 
isomeric C-glycosylflavones (at m/z 447 [M - H]-, (C21H20O11) drifting at tD 2.83 ms for orientin (9) 
and tD 3.11 ms for isoorientin (8)) is characteristic of rooibos tea.16 However, rapid strategies to 
authenticate products of these herbal teas and prevent counterfeits are required. Recently, 
energy-dispersive X-ray fluorescence spectrometry (EDXRF) for elemental analysis and a one-
class classification approach was applied for the authentication of rooibos and honeybush based 
on the elemental composition.32 The authors note the potential use of EDXRF analysis combined 
with one-class classification approach for the routine authentication of honeybush and rooibos 
teas, as well as in the differentiation of Cyclopia spp. based on their elemental composition.    
 
 
Figure 5.1: Stacked DI-IM-MS base peak ion (BPI) mobilograms illustrating the different profiles 
between the studied extracts of rooibos (Aspalathus linearis) and the three commercialized 
Cyclopia species (C. genistoides, C. intermedia and C. subternata). 
 
 




In this study, based on the phenolic composition analysed by DI-IM-MS, a principal component 
analysis scores plot of 100 rooibos and the 130 honeybush (100 C. intermedia, 15 C. genistoides 
and 15 C. subternata) samples was constructed (data not shown), and the rooibos samples were 
observed to be completely different from the honeybush samples, as is evident in Figure 5.1. In 
the adulteration study, for simplicity pooled samples (with technical replicates) of the respective 
teas were compared with the blend samples. Blends of rooibos and C. intermedia at varying 
concentrations (1, 5, 20, 50, 80, 95 and 99% HB) were prepared. The PCA scores plot (Figure 
5.2) was constructed between component 1 and component 2 (78.2% of the variance of the data 
set).  
 
Figure 5.2: Principal component analysis (PCA) score plot showing the groupings of the pooled 
samples of C. genistoides (Pooled_CG), C. intermedia (Pooled_CI), C. subternata (Pooled_CS), 
rooibos (Pooled_RB) and prepared blend samples of 1, 5, 20, 50, 80, 95 and 99% honeybush 
(HB). Samples were analyzed by DI-IM-MS. 
 
The scores plot shows no distinguishable differences between the blends at 1% and 5% to the 
respective authentic herbal teas (rooibos or C. intermedia). Whereby 1% HB represents 




rooibos/C. intermedia (99:1), 5% HB refers to rooibos/C. intermedia (95:5), 95% HB refers to 
rooibos/C. intermedia (5:95), and 99% HB represents rooibos/C. intermedia (1:99). However, 50% 
and 80% blends are distinguishable from the respective authentic teas. In the context of the 
geographical indication (GI) for rooibos, a product should contain a minimum of 80% rooibos for 
it to be described as a rooibos product on the label. For the 80% rooibos blends (labelled 20% 
HB representing rooibos/C. intermedia (80:20)), markers such as eriodictyol-C-hexose isomers 
(4-6), orientin (9), aspalathin (10), and vitexin (13) are characteristic (Figure 5.3). Furthermore, 
marker compounds for 80% C. intermedia (80% HB) blends were observed to be quinic acid (22), 
iriflophenone-3-C-glucoside-4-O-glucoside (24), C-glycosylxanthones isomers (mangiferin (29) 
and isomangiferin (30)), and eriodictyol (39) (Figure 5.3).  
 
5.3.2. DI-IM-MS application in species discrimination in the genus Cyclopia  
Of the 23 known Cyclopia species, commercialized crop and product development is mainly 
focused on the three species C. genistoides, C. intermedia and C. subternata.5,14,43 Cyclopia 
species are sometimes pooled together to produce honeybush products,9 a problem for quality 
control purposes. Previously, Stander et al.14 utilized UPLC-HR-MS for the analysis of the 
phenolic variation in 15 Cyclopia species, where the three commercialized species (C. 
genistoides, C. intermedia and C. subternata) required the exclusion of mangiferin and citric acid 
from the data set to aid in differentiation on the PCA scores plot.  A run time of 38 minutes was 
required to chromatographically separate all the important isomers. However, analysis using DI-
IM-MS shows that there are phenolic variations between the three commercialized species 
(Figure 5.1). The mobilograms for the three species with the respective three technical replicates 
per sample (15 samples of C. genistoides, 100 C. intermedia and 15 C. subternata) were aligned 
to allow for multivariate data analysis (MVDA).  





Figure 5.3: Boxplots showing marker compounds that can be targeted to authenticate 80% rooibos products (eriodictyol-C-hexose isomers (4-6), orientin 
(9), aspalathin (10), and vitexin (13)) and 80% C. intermedia products (quinic acid (22), iriflophenone-3-C-glucoside-4-O-glucoside (24), C-
glycosylxanthones isomers (mangiferin (29) and isomangiferin (30)), and eriodictyol (39). All significant differences are based on ANOVA with p ≤ 0.01.        




From the data matrix, features that did not correspond to molecular ions (i.e., formic acid 
adducts, dimers, fragment ions, etc.) were removed for further MVDA (Figure 5.4A and 5.4B). The 
PCA scores plot (Figure 5.4A) was constructed, 51.2% of the variance of the data set. From 
scores plot, the C. intermedia samples show intermediate differences when compared to the other 
two species studied.3 With some C. intermedia samples showing similarities to the C. genistoides 
and C. subternata samples. To observe the diagnostic value of using phenolic compounds to 
distinguish between these species, particularly between C. genistoides and C. subternata, a 
heatmap was constructed (Figure 5.4B).   
The heatmap reiterated the some observations discussed in Stander et al.14 Simply, quercetin 
(20), iriflophenone-3-C-glucoside-4-O-glucoside (24), iriflophenone-3-C-glucoside (26), the C-
glycosylxanthones isomers (mangiferin (29) and isomangiferin (30)),14 and hesperetin (43) are 
prominent in C. genistoides samples, quinic acid (22), scolymoside (35), and hesperidin (37) are 
prominent in C. subternata samples, and piscidic acid (1) and a PPAG derivative (28) are 
prominent in C. intermedia samples.  These observations show IMS’ ability to rapidly distinguish 
between the three species for quality control purposes without the need for long chromatographic 
runs.  





Figure 5.4: PCA scores plots (A), and a heatmap (B) showing the phenolic differences between three Cyclopia species (C. genistoides, 
C. intermedia and C. subternata). Simply, the C-glycosylxanthones isomers (mangiferin (29) and isomangiferin (30)) are prominent in 
C. genistoides samples, quinic acid (22) is prominent in C. subternata samples, and piscidic acid (1) is prominent in C. intermedia 
samples.  




5.3.3. Quantitation of phenolics and flavonoids in the rooibos and honeybush extracts  
Due to the purported benefits of polyphenolic compounds in these herbal teas, the analytical 
characterization of their proportions (concentration) in a mixture can assist in identifying tea 
counterfeits. LC-MS is the go-to analytical technique, however longer chromatographic runs are 
often required for the separation of the polyphenols, such as isomeric compounds. Therefore, 
direct and rapid analyses, such DI-IM-MS, is an intriguing approach. In this study, two approaches 
were evaluated (using DI-IM-MS and UPLC-MS), whereby a standard mixture made of 11 target 
phenolics, unique to rooibos and honeybush, were analysed. External calibration was performed, 
and 12 concentration points were used to quantify the 11 unique phenolics in the respective 230 
herbal teas. When compared, the calibration curves in the standard solutions obtained through 
UPLC-MS were linear (regression coefficient R2 > 0.995). However, a nonlinear (sigmoidal) 
calibration curve (regression coefficient R2 > 0.955) was observed for analyses obtained through 
DI-IM-MS. At a higher concentration (125 µg/mL), during DI-IM-MS analyses, signal suppression 
is observed for all the standard solutions, suggesting matrix effects or detector saturation.46,47 Due 
to the lack of chromatographic separation during direct injection (DI-IM-MS), “co-eluting” analytes 
negatively affect the ionisation efficiency of each respective analyte,47–49 thus impairing 
quantification.47 To improve the shape of the curve, Zabell et al. suggests adding data points at 
the point (inflection point) at which the curve deviates from linearity (62.5 µg/mL).50  
Due to the nonlinear calibration curve and matrix suppression observed during DI-IM-MS 
analyses, quantification of the 11 compounds in the respective 230 herbal tea samples were 
determined using UPLC-MS, as shown by the bar graphs with the concentration presented as 
mean±standard deviation (Supplementary information, Figure S1). The concentration ranges of 
iriflophenone-3-C-glucoside-4-O-glucoside, iriflophenone-3-C-glucoside, iso- and mangiferin, iso- 
and orientin, aspalathin, eriocitrin, rutin, scolymoside, phloretin-3’,5’-C-diglucoside, nothofagin 
and quercetin in the herbal teas are summarized in Table 5.3. Due to lack of chromatographic 
separation, isomangiferin and mangiferin, as well as isoorientin and orientin were quantified 
together. From Table 5.3, iriflophenone-3-C-glucoside-4-O-glucoside (24), iriflophenone-3-C-
glucoside (26), iso- and mangifern (29 and 30), erioctrin (33), scolymoside (35), and phloretin-
3’,5’-C-diglucoside (36) were exclusively quantified in the honeybush samples, whereas iso- and 
orientin (8 and 9), aspalathin (10), rutin (12), nothofagin (19), and quercetin (20) were exclusively 
quantified in rooibos samples. Previously, a HPLC-diode-array detection method was used for 
quantitation of phenolic compounds in rooibos plant material extracted with hot water and 40% 
acetonitrile.17




Table 5.2: Linear range, regression equations and correlaton coefficients of phenolics in herbal teas 









 Concentration range (g/100g) Reproduciblity (%RSD, n=3) 




C25H30O15 569.1718 1.50 y = 0.9891x 
+ 0.1915 







C19H20O10 407.1076 2.11 y = 0.9345x 
+ 1.3306 





Iso- and Mangiferin C19H18O11 421.0770 2.58 y = 0.9789x 
+ 0.3526 





Iso- and Orientin C21H20O11 447.0991 3.02 y = 0.9682x 
+ 0.6296 
0.996 0.042 0.014 nd nd nd 0.38-0.74 nd nd nd 1 
Aspalathin C21H24O11 451.1288 3.08 y = 0.9814x 
+ 0.3617 
0.997 0.035 0.011 nd nd nd 0.30-1.23 nd nd nd 1 
Eriocitrin C27H32O15 595.1805 3.14 y = 0.9157x 
+ 1.7218 
0.998 0.031 0.010 nd-0.13 0.03-0.35 nd-0.13 nd 29 1 
 
8 nd 
Rutin C27H30O16 609.1434 3.23 y = 0.903x + 
1.988 
0.997 0.038 0.013 nd nd nd 0.21-0.60 nd nd nd 5 
Scolymoside C27H30O15 593.1667 3.30 y = 0.952x + 
0.9673 









C27H34O15 597.1813 3.32 y = 0.9722x 
+ 0.5447 







Nothofagin C21H24O10 435.1365 3.57 y = 0.9839x 
+ 0.3062 
0.998 0.034 0.011 nd nd nd 0.08-0.41 nd nd nd 5 
Quercetin C15H10O7 301.0575 4.72 y = 1.0113x - 
0.2663 
0.999 0.018 0.006 nd nd nd 0.35-1.05 nd nd nd 5 
CS refers to C. subternata, CI refers to C. intermedia, CG refers to C. genistoides, and RB refers to A. linearis samples, nd - Not 
detected, MLOQ – method limit of quantitation, MLOD method limit of detection. 
    
  




When the results obtained by Walters et al.17 were compared with those obtained in this study, 
an intermediate concentration range for iso- and orientin, aspalathin, rutin, and nothofagin was 
observed (Table 5.3) and this is due to the methanol/water/formic acid (50:48:2) extracton solvent 
used. The repeatability of the method was tested by reinjecting the same samples three times 
and the relative standard deviatons (RSDs) between 1 and 29% were observed (the two very high 
values were for compounds that occur in low concentrations) (Table 5.3). 
A direct and rapid analyses, such as DI-IM-MS, would be ideal for quantification however as 
stated above a nonlinear calibration curve was observed. However future intentions involve the 
use of previously quantified extracts as reference materials for the quantification of other 
phenolics in plant extracts, as this will account for the matrix effects. This approach can also help 
in situations whereby standards are unavailable. In an ideal world one would prefer to use labelled 
internal standards or do standard addition, but it is not practical or viable for such a complex 
mixture.  Recently, Fenclova et al. studied silymarin flavonolignans in milk thistle extracts and 
noted that compared to the UPLC-MS quantitative data, the addition of ion mobility (UPLC-IMS-
MS) to the quantitative approach demonstrated an extended linear range, lower detection limits 
and total separation of analytes of interest from interferences.51 Thus, highlighting the applicability 
and benefits of ion mobility in quantitation, specifically when coupled with chromatographic 
separation.   
 
5.3.4. Collision cross-section (CCS) as a complimentary identification metric  
The main application of IMS is to eventually use CCS values, in addition to MS data, as a 
descriptor for the identification of unknown compounds. Where adding the IM dimension to LC-
MS/MS workflows, allows species to be characterized based on an array of complementary 
descriptors (e.g. retention time, accurate mass information, tandem MS, and drift time) which 
helps increase molecular information content and specificity in structural identification.16,38–42,52–56 
The rooibos and honeybush samples were analysed using DI-TWIMS-MS and UPLC-MSE and 
the phenolic compounds were characterized based on the above-mentioned descriptors (Table 
5.1 and 5.2). To derive CCS values using a TWIMS instrument calibrants are required,34 poly-DL-
alanine is a common calibrant however calibration errors have been noted when the analyte under 
study is structurally and chemically different from that of the calibrant.57,58 Poly-DL-alanine covers 
a mass range 231 to 1012 Da, this makes the determination of the CCS values for smaller 
compounds (< 231 Da) subject to higher CCS errors. For the analysis of negatively charged 
analytes under 1 kDa (such as phenolics), poly-L-malic acid (n=1 to n=8, mass range 134 to 946 
Da) as a calibrant was proposed.35 In this study, CCS values were determine using both poly-DL-




alanine and poly-L-malic acid as calibrants (Table 5.1 and 5.2) and these were further compared 
to CCS values obtained from literature. Most of the available CCS values in literature were 
obtained using a TWIMS instrument and poly-DL-alanine as a calibrant for the studied phenolic 
compounds,16,37–39,41,42 making comparisons between the two calibrants difficult. Poly-DL-malic 
acid does seem to improve the underestimation of CCS values below 200 Å2, as previously 
discussed41 when compared to poly-DL-alanine obtained TWCCSN2 values.  
Furthermore, an interesting drift time profile was observed for the flavonoid isomer pairs (6‐C 
and 8‐C‐glycosylflavone isomer pairs (orientin (9)/isoorientin (8) and vitexin (13)/isovitexin (14)) 
and the 2-C and 4-C-glycosylxanthone pair (mangiferin (29)/isomangiferin (30))). The respective 
pairs of the 8-C glycosylflavone42 (orientin (9) (tD 2.83 ms) and vitexin (13) (tD 2.83 ms)) and the 
2-C-glycosylxanthone (mangiferin (29) (tD 2.76 ms)) showed earlier drift times relative to their 
respective isomer pairs (isoorientin (8) (tD 3.11 ms), isovitexin (14) (tD 3.04 ms) and isomangiferin 
(30) (tD 2.83 ms)), a distinguishing characteristic as these isomers are known to 
chromatographically co-elute (as observed in this study) unless longer chromatographic runs 
and/or columns are used. Thus, highlighting the beneficial use of the drift time (specifically the 
concommitant TWCCSN2 values) to distinguish between these isomer pairs, and expediting 
compound identification.  
 
5.4. Conclusion  
This study demonstrates the potential use of direct injection-ion mobility mass spectrometry 
(DI-IM-MS) for the rapid assessment of adulterated herbal teas. Whereby, markers such as 
eriodictyol-C-hexose isomers (4-6), orientin (9), aspalathin (10), and vitexin (13) were 
characteristic of blends containing more than 80% of rooibos plant material, and quinic acid (22), 
iriflophenone-3-C-glucoside-4-O-glucoside (24), C-glycosylxanthones isomers (mangiferin (29) 
and isomangiferin (30)), and eriodictyol (39) were characteristic of blends containing more than 
80% of C. intermedia plant material. The diagnostic value of using phenolic compounds to 
distinguish between the three commercialized honeybush species (C. genistoides, C. intermedia 
and C. subternata) for the quality control assessment of pooled Cyclopia products was observed. 
The quantitation of phenolic compounds using DI-IM-MS is not ideal as it is subject to matrix 
effects, however coupling with chromatographic separation shows potential advantage.51 Using 
UPLC-HR-MS and DI-IM-MS, phenolic compounds of rooibos and honeybush were characterized 
based on their retention time, drift time, accurate mass information, MSE and TWCCSN2 values. 




Lastly, DI-IM-MS proved to be a useful tool for quality control purposes, particularly considering 
the analysis time is 1 minute per sample.  
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Supplementary information for: Application of direct injection-ion mobility 
mass spectrometry (DI-IM-MS) for the analysis of Honeybush and Rooibos 
tea samples  
 





Figure S1: Bar graphs of iriflophenone-3-C-glucoside-4-O-glucoside (24), iriflophenone-3-C-glucoside (26), iso- and mangifern (29 and 
30), erioctrin (33), scolymoside (35), and phloretin-3’,5’-C-diglucoside (36) were exclusively quantified in the honeybush samples, 
whereas iso- and orientin (8 and 9), aspalathin (10), rutin (12), nothofagin (19), and quercetin (20) were exclusively quantified in rooibos 
samples. Data are presented as mean ±standard deviation, n= 3.  
 
 




Chapter 6: Conclusions and Future Recommendations 
  





The combination of ion mobility spectrometry (IMS) with traditional liquid chromatography-
photodiode array-ion mobility-high resolution mass spectrometry (LC-PDA-IM-HR-MS) ‐based 
analytical approaches, is shown to provide major advantages and opportunities for future 
analysis of complex samples. IMS allows the calculation of the collision cross sections 
(CCS’s), which describes the unique rotationally averaged surface area of the ion, which can 
support phenolic compound identification across analytical laboratories, such as in plant 
metabolomics and food science.  
Therefore, the goal of this study was to design improved LC-PDA-IM-HR-MS methods capable 
of structurally characterizing plant phenolics based on these analytical profiles. Using 
travelling wave IMS (TWIMS) hyphenated to LC-PDA-HR-MS, phenolic compounds of Protea 
species and hybrid cultivars were characterised based on their retention time (tR), 
spectroscopic data, mass spectral information (including high resolution and tandem MS 
(MS/MS) data), and CCS value. A total of 67 phenolic compounds, including 41 phenolic acid 
esters and 25 flavonoid derivatives (including 5 anthocyanins) were characterised. To 
complement structural identification, a new hydroxycinnamic acid derivative, a possible 
chemo-taxonomic marker, was identified as caffeoyl-O-polygalatol (1,5-anhydro-[6-O-
caffeoyl]-sorbitol(glucitol)) following 1D and 2D NMR characterization. For LC-PDA-TWIMS-
HR-MS analysis, positional isomers with similar MS/MS profiles were resolved by the IMS-
dimension and consequently could be distinguished by their differences in TWCCSN2 values. 
The accuracy of TWCCSN2 values were validated by comparative low-field DTCCSN2 values, 
showing that TWCCSN2 values were often underestimated for compounds with CCS values 
below 200 Å2. 
The experimentally derived TWCCSN2 values, from the previous study, were extended to a plant 
metabolomics approach designed to investigate metabolites linked to leaf blackening 
susceptibility of Protea species, selections and cultivars. Metabolites that could be of 
phenotypic/physiological importance in the browning process were highlighted (notably the 
benzenetriol and hydroquinone derivatives). These metabolites could be used as potential 
biomarkers of browning susceptibility in Protea species, selections and cultivars; thus, 
allowing plant breeders to select trait-specific markers to improve commercially important 
traits. 
Finally, direct injection-IM-MS (DI-IM-MS) along with UPLC-HR-MSE were used to 
characterize the phenolic compounds in herbal teas and related blends. Isomeric flavone pairs 
(orientin/isoorientin and vitexin/isovitexin) characteristic of rooibos tea and the xanthone 
isomer pair (mangiferin/isomangiferin) characteristic of honeybush teas were distinguished 




based on their difference in TWCCSN2 values. These isomers are known to chromatographically 
co-elute, making identification difficult, however the study shows that these isomers could be 
differentiated using the IMS dimension. Orientin, vitexin and mangiferin had earlier drift times 
relative to their respective to their isomer pairs, an analytical observation that may be helpful 
for identification. During quantitation, the DI-IM-MS method was prone to matrix effects and/or 
detector saturation, while the traditional UPLC-MS method showed more linear calibration 
curves (R2 > 0.995). Lastly, TWCCSN2 values obtained using poly-L-malic acid as calibrant 
showed an improvement in the underestimation of CCSs below 200 Å2, when compared to 
those obtained using poly-DL-alanine, the commonly used calibrant. 
 
6.2. Future recommendations  
The addition of CCS values to databases and in-house libraries will help expedite the 
characterization of phenolic compounds in a variety of fields, such as in natural product 
research, food science, and plant metabolomics.  
For an IMS instrument to be considered as a HR instrument, the resolving power (Rp) value 
should be between ~300 and up to 1000. However, commercially available IMS instruments- 
DTIMS and TWIMS- have relatively low Rp, between 40-60, and this is insufficient for resolving 
ions differing in CCS values by <1%, such stereoisomers and enantiomers. It has been 
announced that a 6th IMS technology hyphenated to existing MS instruments will be 
commercialised in 2021, that is Structures for Lossless Ion Manipulation (SLIM) IMS.1,2 SLIM-
IMS is a TWIMS-based technology and has been demonstrated to achieve ultra-high 
resolution.1,3–5 Lastly, the expectation is that a collective participation of researchers in 
establishing CCS databases, together with the continued development in new software and 
hardware tools, will further accelerate the integration of IMS into routine LC-MS workflows.  
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a  b  s  t  r  a  c  t
Ion  mobility  spectrometry  (IMS)  is a rapid  separation  technique  capable  of  extracting  complementary
structural  information  to chromatography  and  mass  spectrometry  (MS).  IMS,  especially  in  combination
with  MS,  has  experienced  inordinate  growth  in  recent  years  as an  analytical  technique,  and  elicited
intense  interest  in many  research  fields.  In  natural  product  analysis,  IMS  shows  promise  as an  addi-
tional  tool  to enhance  the  performance  of analytical  methods  used  to identify  promising  drug  candidates.
Potential  benefits  of  the  incorporation  of  IMS  into  analytical  workflows  currently  used  in natural  product
analysis  include  the  discrimination  of structurally  similar  secondary  metabolites,  improving  the  quality
Stellenbosch University  https://scholar.sun.ac.zaSecondary metabolites




of  mass  spectral  data,  and  the  use  of mobility-derived  collision  cross-section  (CCS)  values  as  an  additional
identification  criterion  in targeted  and  untargeted  analyses.  This review  aims  to  provide  an  overview  of
the  application  of  IMS  to natural  product  analysis  over  the  last  six  years.  Instrumental  aspects  and  the
fundamental  background  of  IMS  will be briefly  covered,  and  recent  applications  of  the  technique  for
natural  product  analysis  will be  discussed  to  demonstrate  the  utility  of the technique  in  this  field.
© 2020  Elsevier  B.V.  All rights  reserved.Contents
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1. Introduction
Natural products have been used by humanity for centuries,
and since the first isolation of morphine more than 200 years ago,
isolated natural products have been a consistent source of new
drug molecules [1]. Indeed, based on the criteria of Newman et al.,
therapeutic agents based on natural products have consistently
comprised ∼40 % of all first-approved drugs since 1981 [1–6]. The
relative success of natural products in drug discovery stems from
their versatile chemical structures and physiological targets, allow-
ing them to be effective for a range of potential clinical uses [6]. The
use of natural products in drug discovery has however declined
somewhat in recent years. Among the reasons for this are techni-
cal challenges associated with the identification of natural product
drug leads, the advent of high throughput screening and combina-
torial chemistry methods and the concomitant reduced emphasis
on natural products by the pharmaceutical industry [7,8], and more
recently by the rapid development of biopharmaceuticals [9]. Nev-
ertheless, natural products continue to serve as inspiration for
many new small molecule drugs [1,10], and interest in the their
pharmaceutical application has been bolstered in recent years by
developments in analytical technology supporting the identifica-
tion of promising candidates [11].
According to a narrow but commonly accepted definition [8,12],
natural products are secondary metabolites1 . Secondary metabo-
lites are compounds produced by both terrestrial and marine
sources, including bacteria, fungi, animals and plants, that are not
directly linked to the development, normal growth and the repro-
duction of an organism, but are produced as a response to the
organism’s interaction with the environment [12]. Based on their
biosynthetic origin, plant secondary metabolites include phenolics
(flavonoid and non-flavonoids), alkaloids and terpenoids (such as
saponins, steviol glycosides, etc.) [12–15], whereas microbial sec-
ondary metabolites include peptides, polyketides, alkaloids, lipids,
and terpenes [16–19]. Some secondary metabolites, such as ter-
penoid derivatives, carotenoids [20] and saponins [21–23], are
found both in terrestrial and marine sources.
Due to their vital role in the discovery of drug candidates [24,25],
the identification of secondary metabolites in what are often highly
complex matrices is of paramount importance in the search for
new biologically active compounds. In this endeavour, advanced
analytical methods based on high resolution liquid- or gas chro-
matographic separation and/or mass spectrometric detection are
playing an increasingly important role, especially in screening
analyses prior to isolation and structural elucidation by nuclear
magnetic resonance (NMR) [26].
Modern GC on high-efficiency capillary columns offers excellent
performance for complex samples, with noteworthy developments
in sample preparation, comprehensive two-dimensional GC (GC ×
GC) [27] and detectors [28,29]. On the other hand, significant recent
developments in HPLC, including the use of ultra-high pressures
[30], core-shell particles [31] and comprehensive two-dimensional
LC (LC × LC) [32] have revolutionised the field and have played an
important role in improving the performance of the technique for
complex samples.
In  the field of natural product analysis, however, advances
in MS  have arguably overshadowed those in chromatographic
separations. Nowadays, exceptionally powerful high resolution
and multi-stage MS  instruments capable of a range of acquisi-
tion modes for different analysis goals are commercially available,
and indeed are essential tools in any natural product laboratory
[26,33]. Considering that the majority of natural products are non-
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olatile, state-of-the-art LC–MS has played an important role in the
mprovement of screening analyses of natural products [34–38].
The  availability of high resolution (HR) MS data allows deter-
ination of analyte molecular formulae, whereas tandem MS
nstruments deliver fragmentation information essential for ten-
ative identification purposes, the latter often acquired in data
ependent acquisition (DDA) mode for complex unknown sam-
les. Moreover, data-independent acquisition (DIA) strategies can
e used to acquire both low- and high collision energy data in a
ingle chromatographic run [39,40] at the expense of selectivity.
hese technologies greatly facilitate the tentative assignment of
ompounds in complex natural product extracts.
Nevertheless, chromatographic methods hyphenated to MS  also
how some limitations for natural product analysis. The complex-
ty of biological matrices means that chromatographic resolution
f all compounds is virtually impossible to attain, an important
onsideration especially in LC–MS, where mass spectra of natu-
al products are often very similar for a given compound class,
nd in light of the susceptibility of electrospray ionisation (ESI) to
atrix effects. Further analysis challenges include isomerisation
ncountered in biological samples [41,42]. HR-MS instruments can
ostly resolve isobaric compounds, but cannot differentiate iso-
ers in most cases, necessitating long chromatographic runs to
id in their separation. This has driven efforts aimed at develop-
ng analytical methods capable of rapidly separating and detecting
someric secondary metabolites [43,44].
It is partially in the context of these limitations that the inte-
ration of ion mobility spectrometry (IMS) with MS  has become
uch an appealing technology for the separation and detection of
uch structurally similar compounds [45–47]. IMS  can be thought
f as a form of gas-phase electrophoresis, whereby ions are sepa-
ated based on their mobilities through a region filled with a buffer
as (typically either helium or nitrogen) under the influence of an
lectric field. The mobility of the ions is based on their physical
roperties (charge, size, and shape), with ions of lower masses (m/z)
nd/or more compact structures characterised by faster mobilities
han larger and/or bulkier ions. A range of different IMS  instruments
ave been developed based on different principles (refer to Section
 below for a brief overview) [48–51], which may  be operated as
tandalone or even portable instruments, or, more often, are com-
ined with MS  (IMS-MS) [52–54], and recently with gas- [48,55,56]
r liquid-phase separation methods [57–61].
Due to its operational principles, IMS  offers rapid (millisec-
nd timescale) analysis of relatively simple gaseous mixtures, and
ndeed has been used for this purpose for many years. Hyphen-
tion to MS  represents an important adaptation that allows the
dentification of the separated ions based on their mass spectra,
ith the MS  providing additional selectivity, while maintaining the
igh throughput benefit. In this hyphenation, IMS  offers a poten-
ially complementary separation, including possible separation of
someric species pairs [62] which cannot be differentiated by MS,
mproved signal-to-noise (S/N) ratios by filtering chemical noise
63], improved MS  data quality by filtering according to arrival
ime [45,46,64], enhanced detection of low abundance metabo-
ites [63,65] and improved compound coverage [66]. For highly
omplex mixtures, though, the trend is to hyphenate IMS-MS to
ront-end separation techniques such as GC and HPLC. The millisec-
nd timescale of IMS  ensures that the technique is ideally suited for
ncorporation into such workflows, while offering the same bene-
ts alluded to above due to the additional post-ionisation gas phase
eparation prior to MS  detection [67–69]. A further benefit of IMS
s that an ion’s mobility can be converted to its collision cross sec-
ion (CCS), a measure of an ion’s average surface area. Measured
CS values have been shown to be exceptionally reproducible [70].
yphenated chromatography-IMS-MS methods allow species to be
haracterised based on an array of complementary descriptors (e.g.





































Stellenbosch University  https://scholar.sun.ac.zaFig. 1. The five most common IMS  platforms, which separate ions either in a time-
with selective release (TIMS) manner. Reprinted with permission from [50].
retention time, mass spectral information (including high resolu-
tion and tandem MS  data), spectroscopic data and CCS value), which
increases molecular information content and specificity in struc-
tural identification, particularly in untargeted workflows [71–74].
It is therefore not surprising that IMS  has found widespread appli-
cation in the analysis of complex biological samples, including
most notably in the fields of proteomics [45,75–77] and lipidomics
[45,78–81], but also in steroid [82] and carbohydrate [83] analysis,
as well as in metabolomic studies [45,46,73,74,84–86], food analy-
sis [87–89], and indeed in natural product analysis [26,33,90,91].
Considering the inordinate growth in the number of applica-
tions of IMS  in recent years, the goal of the present review is to
provide a recent update of the applications of the technique in
natural product analysis. As such, this work compliments a recent
overview article on the topic [91] by providing a synopsis of appli-
cation papers of IMS  in this area over the last six years. Related
reviews focusing on natural product analysis in general [26] and by
LC–MS [33] place the present contribution in context of the broader
field. Furthermore, background on IMS  fundamentals and instru-
mentation will be discussed only briefly here; readers interested in
further details are referred to a number of recent dedicated reviews
[48–51,56,58,92–94].
To limit the scope of the present work, we  will focus on the
narrow definition of natural products as secondary metabolites,
and include only papers published since 2015 on the analysis of
these species in samples of natural origin and foods derived from
these. Special emphasis is placed on the benefits offered by IMS
for secondary metabolite annotation in combination with chro-
matographic separation, including the potential differentiation of
isomeric species. We  aim to highlight the emerging benefits of IMS
in the identification of natural product secondary metabolites, and
discuss the advantages, limitations, and future developments in the
field.
2. Ion mobility spectrometry (IMS) techniques and
instrumentation
The  origins of IMS  can be traced back to the late 19th century
[49]. The technique, referred to as plasma chromatography [95,96]
and ion chromatography [97] in early literature, only found exten-
sive analytical application since the 1970s following instrumental






rsive (DTIMS and TWIMS), space-dispersive (FAIMS and DMA) or ion confinement
arly  1960s [98]. A major application area of IMS  was  (and remains)
n security analyses, such as for the detection of chemical war-
are agents, explosives, and drugs [51,90]. IMS  was  explored in
iological research in the mid-1980s [99], but it was only from
he 1990s, when significant advances in both IMS and MS  instru-
entation coincided to drastically improve performance, that a
esurgence in IMS  applications occurred, mostly focusing on the
nalysis of biomolecules [100–103]. The next decade saw the gen-
sis of home-built IMS-MS instruments [104,105] (a process still
ontinuing [106–115]), followed by the commercial availability of
nstrumentation based on travelling wave IMS-TOF in 2006 [116],
rift tube IMS-TOF in 2014 [49], trapped IMS-TOF in 2016 [117]
nd in 2019 a cyclic IMS  instrument [118]. The present work will
rovide a brief overview of the main IMS  platforms currently in use.
.1. IMS platforms
According to the classification introduced by May and McLean,
MS-MS instruments can be grouped based on their operational
rinciples into time-dispersive, space-dispersive or ion confine-
ent with selective release systems (Fig. 1) [49]. Time-dispersive
echniques generate an arrival time spectrum reflecting the flow
f ions past a specific location in the instrument. Drift tube IMS
DTIMS) and travelling wave IMS  (TWIMS) devices are common
ime-dispersive platforms, where ions are directed through a sta-
ionary buffer gas. These techniques primarily differ in the applied
lectric field, which is a weak constant field in the case of DTIMS
95] and an oscillating electric field in the case of TWIMS  [106].
ime-dispersive instruments allow all ions to be analysed simul-
aneously, and have found widespread application in untargeted
mics approaches [49,67,72–74] as well as for targeted analyses in
ood and natural product research [42,69,119–124]. In ion confine-
ent and selective release methods, such as trapped ion mobility
pectrometry (TIMS), ions are trapped in position against a flow
f buffer gas using an electric field, and released according to their
obilities as the electric field is incrementally decreased [50,94]. In
pace-dispersive platforms such as field asymmetric IMS  (FAIMS;
lso known as differential mobility spectrometry (DMS) or differ-
ntial IMS  (DIMS)) and the differential mobility analyser (DMA), an
lectric field and carrier gas flow are used to direct ions of different
obilities along different drift paths, resulting in their separation
n space [50,51].























Stellenbosch University  https://scholar.sun.ac.zaFig. 2. (A) A simplified schematic of an IMS-MS instrumental configuration. Dependi
a  commercial TWIMS  instrument, fragmentation can occur before and/or after IMS s
occurs in both trap and transfer ion guides. (B) is reprinted with permission from [1
2.2. IMS-MS instrument configurations
Commercial instrumentation from different manufacturers, and
ranging from portable devices to MS  imaging instruments and sys-
tems incorporated in high-end mass spectrometers [48,50], are
available nowadays. A simplified generic schematic of an IMS-
MS instrument is shown in Fig. 2A. Most ionisation sources, as
well as ambient ionisation techniques, can be used in combination
with IMS, with the most common being ESI and matrix-assisted
laser desorption/ionisation (MALDI). Similarly, most mass analy-
sers have been combined with IMS, although time-of-flight based
mass spectrometers (TOF and quadrupole-TOF, Q-TOF) are mostly
employed due to their fast duty cycles [60]. For tandem MS  systems
incorporating IMS, three configurations are possible, depending on
the relative positions of the collision and IMS  cells, i.e. where col-
lision induced dissociation (CID) is performed [90,125]. Firstly, if
the collision cell is located before the IMS  cell, fragmentation can
precede IMS  separation, and mobility measurements are acquired
for fragment ions (and unfragmented precursor ions). Secondly, in
post-mobility fragmentation, fragmentation occurs after IMS  sep-
aration and fragment ions have arrival times that align with their
parent ions. This mode of operation is common in DTIMS-MS instru-
ments due to manufacturer’s design [60]. Lastly, a combination of
both modes of operation, termed time-aligned-parallel (TAP) frag-
mentation, is possible using commercial TWIMS-MS instruments
[35,79]. Here fragmentation occurs both before (in the trap ion






manufacturer design, fragmentation can occur before or after IMS  separation. (B) On
tion; the time-aligned-parallel (TAP) procedure is illustrated where fragmentation
ID-IMS-CID)  to produce ‘MS3’ data [126] (Fig. 2B). First genera-
ion fragment ions are separated by IMS, while second generation
ons share their arrival times. Incorporation of in-source fragmenta-
ion may  be used to produce ‘MS4’ spectra to discriminate between
o-eluting isobaric compounds [127].
For data independent acquisition (DIA) methods such as ‘MSE’,
here low and high collision energy data are alternately mea-
ured without pre-selecting particular parent ions, IMS  allows the
eparation of co-eluting precursor ions prior to their fragmenta-
ion, thereby greatly increasing the performance [79]. Alternative
ata acquisition strategies have been developed for different IMS
nstruments, parallel accumulation–serial fragmentation (PASEF)
or TIMS being a notable example, where the quadrupole is rapidly
canned to allow large numbers of MS/MS  experiments [128].
.3.  IMS separation performance
The  separation performance of IMS  is typically evaluated by
eans of the resolving power (Rp). However, comparing Rp values
etween different platforms is complicated by the fact that their
eparation principles differ [49,129]. For example, for DTIMS instru-
ents a time-based definition of Rp, (t/t), is used [130], whereas
or TWIMS  devices, a definition of Rp in terms of the ions colli-
ion cross section is preferred (CCS/CCS) [129,131]. In TIMS, Rp is
efined in terms of mobility (K/K) [93,132], and for the filtering
evices, FAIMS/DMS/DIMS, a definition for Rp in terms of the com-
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used to measure K [50], such that Rp can be defined in terms of the
CCS-based definition [128,134].
Due to these differences, Dodds and colleagues suggested using
a CCS-based definition of Rp to enable the cross-platform compari-
son of instruments (with the exception of FAIMS/DMS/DIMS, since
CCS values cannot be determined) [129]. According to this defini-
tion, Rp values for commercial DTIMS devices are ∼60 [129,135],
for TWIMS  instruments ∼40−50, and for TIMS systems between
∼170−180 and as high as ∼400 [136]. For this reason, TIMS devices
are considered ultra-high resolution instruments [51].
The  above rough comparison highlights that the most used
commercial IMS  instruments (DTIMS and TWIMS) are character-
ized by relatively low resolving power (40–60), which is typically
sufficient to resolve ions differing in CCS values by ∼1.5−3%, but
not for the resolution of most stereoisomers (CCS <1%) and
enantiomers (CCS ∼0.1 %). Recent instrumental advances in
TIMS [132,136] and TWIMS-based technologies, such as cyclic ion
mobility (cIM) [118] and structures for lossless ion manipulations
(SLIM) [113,137,138], as well as high pressure DTIMS instruments
[104,110,111,139] and cyclic DTIMS [107,140] show promising
improvement in IMS  performance (Rp > 300, and up to 1000) for
such demanding separations.
2.4.  CCS values and their determination
The primary measured variable in IMS  is an ion’s mobility, K,
which reflects the interactions between the ion and buffer gas
molecules under conditions prevalent in the IMS  cell. Measured
mobilities are normalised to standard temperature and pressure
conditions (STP, 273.15 K and 760 Torr), providing the reduced
mobility, K0, for comparison purposes. An ion’s reduced mobility










Where   is the reduced mass of the ion-neutral collision complex
(=mimg/(mi+mg), with mi and mg the mass of the ion and the buffer
gas, respectively), kB is Boltzmann’s constant, T is the temperature
of the gas in Kelvin, z is the ion’s charge, e the elementary charge,
and N0 is the number density of the drift gas at STP.
The CCS value, in units of square Ångström (Å2), describes
the number of collisions the molecular species’ 3-dimensional
structure encounters with the neutral buffer gas – a momen-
tum transfer cross section [50,92] - which provides information
about the ion’s conformation. The CCS value therefore provides a
potentially important descriptor of the ion, which is characteristic
under defined conditions. It is for this reason that CCS values are
increasingly being used as an additional identification criterion in
compound assignment; it is therefore relevant to discuss briefly
how CCS values can be determined in a reliable manner.
An  important condition for the use of the Mason-Schamp
equation is that measurements be performed under low-field con-
ditions. A consequence of this is that FAIMS cannot be used to
determine CCS values. If this condition is met, and provided a con-
stant field is used, Eq. 1 can be used to derive CCS values from
measured mobilities. This scenario applies to DTIMS instruments,
where single-field (calibrant-dependent) [70,142] or stepped-field
(calibrant-independent) [70,130] approaches may  be used. The
stepped-field method is considered the gold standard, as CCS val-
ues can be calculated directly from the drift time (derived from
the measured arrival time) [70,130], provided all other parame-
ters in Eq. 1 are known to a high degree of accuracy. This method
uses multiple measurements at different field strengths to derive
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ompatible  with chromatographic separation due to its long cycle
imes. In contrast, the single-field approach uses a single drift volt-
ge to measure arrival times [70,142], and CCS values of unknowns
re derived from regression analysis of arrival times vs. CCS val-
es measured for calibrants with known, standardized CCS values
nder identical conditions. Agilent’s ESI-L Low Concentration Tune
ix, which contains betaine, trifluoroacetic acid ammonium salt,
nd a series of fluorinated phosphazenes and triazines, is commonly
sed as calibrant. Stow et al. showed in a recent inter-laboratory
tudy that CCS values obtained using the stepped field method are
xceptionally reproducible [70]. Comparison of the two  methods
howed an average error of 0.54 % attributed to the single-field
easured CCS values, compared to a 0.34 % for the stepped-field
alues [70].
TWIMS  uses low but variable fields, and as such requires calibra-
ion to derive experimental CCS values. Similar to the single-field
TIMS method, CCS values of unknowns are obtained from cal-
bration using molecules with known CCS values under defined
onditions [143,144]; a detailed procedure for the calibration pro-
ocol in TWIMS  may  be found in Ruotolo et al. [145]. The most used
alibrant is poly-DL-alanine, for which CCS reference values were
easured by DTIMS. Clearly, the accuracy of CCS values derived
sing calibration depends on the suitability of the calibrant. Cali-
ration errors have been noted when using calibrants structurally
nd chemically unrelated to the target molecules, as when peptide
alibrants were used for the determination of lipid [143] and small
rug-like compound [146] CCS values. Poly-DL-alanine (n = 3 to
 = 14) covers the mass range 231–1012 Da (CCS values of 150-
08 Å2 in ESI− and 151−306 Å2 in ESI+ with nitrogen as drift gas)
71,147,148], and compounds outside this mass range are subject
o higher CCS errors [146]. Such issues can be circumvented by the
udicious selection of suitable calibrants, such as a mixture of poly-
L-alanine and drug-like molecules used by Hines et al. [146]. It is
orth noting that calibration strategies using negative ion mode
ave received relatively little attention, despite the fact that many
econdary metabolites for instance are acidic in nature. Dextran
as been used as calibrant to measure CCS values of oligosaccha-
ides in negative ionisation mode [144], and poly-l-malic acid (n =
 to n = 8, mass range 134–946 Da) as calibrant for the analysis of
egatively-charged analytes under 1 kDa [149].
Although CCS measurements using TIMS is in theory possible
rom first principles, in practice calibration procedures are often
sed as outlined in [94,132,150]. Schroeder et al. used the Agilent
une Mix  as calibrant to generate a CCS library for 146 plant sec-
ndary products [151]. DMA  can be used to measure K directly,
lthough DTIMS is more commonly used as reference method for
CS determination since DMA  is primarily applied for very large
olecules. In practice, calibration approaches are also used to
erive CCS in DMA  [152].
Inconsistencies  in how IMS  data was  reported, especially in
arlier work, prompted Gabelica and co-workers to report a com-
rehensive set of recommendations for IMS measurements [92].
hese authors called for the standardisation of the manner in which
CS values are measured and reported on particular platforms
70,71], and highlighted considerations for comparing CCS data
btained on different platforms [92]. A notable consideration is that
he drift gas composition should always be specified, as calibrant
CS values obtained using nitrogen are often larger compared to
hose obtained using helium [147,153]. The nomenclature TWCCSN2
as  suggested, where the subscript specifies the buffer gas com-
osition and the superscript denotes the IMS technique used to
erive the CCS value [154,155]; this nomenclature is also used in
he present work.
CCS  values can be used to study gas-phase phenomena, and as
uch are useful in physical chemistry [156,157] and in the study
f biological molecules’ conformations [158]. From an analytical








































Stellenbosch University  https://scholar.sun.ac.zaFig. 3. Example of a workflow used in the identification of a “known-unknown” an
permission from [50].
chemistry perspective, though, the main application of CCS values is
as a complementary descriptor to chromatographic, spectroscopic
and MS  data for the identification of compounds. Databases such
as HMDB [159] and METLIN [160] often suggest multiple poten-
tial metabolite hits based on HR-MS data, thus using CCS values
to assist with identity confirmation is of analytical interest. One of
the attractive features of CCS values in this context is their pre-
cision. For example, in inter-laboratory studies Paglia et al. found
TWCCSN2 values to be more reproducible (97 % of compounds within
2% RSD) than retention times (80 % within 2% RSD) for 125 com-
mon metabolites [71], while the stepped-field method using DTIMS
demonstrated a 0.29 % RSD for CCS measurements [70].
Experimental CCS searchable databases have been created for
lipids [148,161,162], peptides [108,163], N-glycans [144], toxins
[164], pesticides [165], drug-like compounds [146,165], metabo-
lites [71,166] and various biomolecules [130,167]. Furthermore,
prediction of CCS values using computation methods is a fast-
growing field [168–173].
While  it is essential to consider the requirements of accuracy in
reported CCS values as discussed above, the availability of reliable
CCS databases clearly shows promise for the incorporation of IMS
into hyphenated chromatography-MS workflows for the identifica-
tion of unknown compounds (Fig. 3). In this endeavour, a distinction
between “known-unknowns” (i.e. an analyte for which MS  and
CCS data determined for the standard are available online) and
“unknown-unknowns” (representing analytes without a database
hit, no m/z or CCS value) can be made. In the case of “unknown-
unknowns”, mass-mobility trendlines (CCS values vs m/z) can be
used to assign the chemical class of the analyte [146,166,167].
2.5.  IMS  data format and analysis
Incorporating IMS  into chromatography-MS workflows
increases data dimensionality (Fig. 4): in principle, a hyphenated
chromatography-IMS-MS methods produces three-dimensional
data, whereas comprehensive two-dimensional chromatographic
analysis adds a further dimension [69,174,175]. IMS  also greatly
increases datafile size, such that data storage and analyses of large
datasets as are common in the omics fields are of concern [176].
Kaufmann and co-workers have noted that the hyphenation of
IMS  to MS  is beneficial for the reduction of false detects, although
due to the low resolution of currently available time-dispersive
IMS platforms this comes at a cost of missing detects, particularly
for the analysis of trace analytes [64]. The addition of CCS filters
as an identification criterion to a < 5 ppm mass window also
decreased the number of false positive results [64], thus increasing
identification reliability [64,177].
While a range of commercial software packages are avail-






using both m/z and CCS data to increase confidence in annotation. Reprinted with
pecific. However, 2D IMS-MS data can also be exported and pro-
essed (peak alignment and picking) using different pre-processing
nd pattern recognition techniques [176], and online tools such
s XCMS [178,179] can be used for alignment to yield a data
atrix containing mobility/drift time, m/z data and peak intensity.
epending on the goal of the analyses, unsupervised or supervised
attern recognition techniques can be used for data interpreta-
ion. Higher dimensional IMS  data is compatible with open source
ackages, as demonstrated by the incorporation of LC-IMS-CID-MS
ata into Skyline [180] and ORIGAMI [181], and freely available
oftware for visualisation and interpretation of comprehensive
wo-dimensional LC × LC × IMS-MS data (Fig. 4D) [69]. Indeed,
hemometric methods are increasingly being used for the analysis
f IMS  data, also in natural product analysis [69,182–202].
. Applications of IMS  in the analysis of natural products
The  inordinate growth in the number of applications of IMS-MS
n recent years, particularly in biomolecule analysis, is mirrored
o a lesser extent also in natural product analysis. In this section
e provide an overview of the applications of IMS  in natural prod-
ct analysis since 2015. Table 1 summarises the relevant reports
ccording to plant and microbial sources, while the following dis-
ussion will highlight significant findings in the field. Note that
lthough the focus is on natural products, specifically secondary
etabolites, we  have included studies on foods containing these
ompounds and studies utilising standard natural product mixtures
here relevant.
.1.  Plant secondary metabolites
Plant  secondary metabolites are an important source of
rug leads [10], and are increasingly being used in nutraceuti-
al, functional food and herbal medicine industries [15]. Plant
econdary metabolites can broadly be grouped into phenolic
ompounds (including flavonoids), terpenoids and nitrogen- and
ulphur-containing compounds (the former including the impor-
ant alkaloids). Crude plant extracts typically used to screen for
atural product constituents are often highly complex mixtures,
nd it is in the screening analysis of these extracts that IMS  has
ound extensive application in the last six years in combination
ith MS  and often chromatographic separation.
Phenolic compounds are the class of plant secondary metabo-
ites most represented in the studies cited in Table 1. This is not
urprising considering the intense interest these compounds have
licited as bioactive natural products. The rapid growth in the use
f IMS  is evident from a comparison of the number of applications
f the technique to flavonoid analysis at the end of 2015 [34] and
hose listed in Table 1 since 2015. Indeed, IMS has found application
K. Masike, M.A. Stander and A. de Villiers Journal of Pharmaceutical and Biomedical Analysis 195 (2021) 113846
























Stellenbosch University  https://scholar.sun.ac.zaing  mass-mobility trendlines of C. genistoides phytochemicals (2-D data) (both unp
with permission from [172]) and (D) three-dimensional representation of compreh
dimension not represented) from [69].
in the analysis of flavonoids [69,120,151,166,177,203–207], pheno-
lic acids [198,203,208–212], and tannins [69,212–217] in a variety
of plants and their derived food products.
For the analysis of phenolic compounds, especially the hyphen-
ation of reversed phase UHPLC (RP-UHPLC) with IMS-MS has found
widespread application in the screening of complex plant extracts,
where large numbers of metabolites can be putatively identified
based on chromatographic, IMS  and (ideally HR-) MS data. For
example, Stander et al. identified 59 phenolic compounds in rooibos
tea, including two unique dihydrochalcones and several new com-
pounds, using a RP-UHPLC-TWIMS-MS method [207], while Yang
et al. identified 95 metabolites in lettuce using the same method-
ology [203], and Schroeder et al. detected 151 metabolites in
Medicago truncatula roots using RP-UHPLC-TIMS-HR-MS/MS [151].
Condensed tannins have been the subject of several IMS  stud-
ies [69,212,215–217]. These compounds are exceedingly hard to
analyse because of the large number of isomeric species found
for higher oligomeric polymers, and as such multidimensional LC
[69,218] and IMS  [69,212,215–217] have been used to unravel the
composition of complex condensed tannin fractions. A good exam-
ple is the recent study of Li et al., who developed an advanced data
analysis strategy based on mass defect filtering incorporating mul-
tidimensional IMS  data (ML-MDF) for the detection of oligomeric
procyanidins in a grape seed extract analysed by UHPLC-DTIMS-
HRMS [215]. The data analysis protocol utilised drift time, accurate
mass data, decimal masses, monoisotopic ion intervals and frag-
mentation pathways to assign 686 procyanidins in the analysed





ed data from our group), (C) LC-IMS-MS separation of lipids (3-D data) (reprinted
e two-dimensional LC (LC × LC)×IMS-MS separation of grape seed phenolics (MS
04 proanthocyanidins in cranberry [212,217]. Rue et al. showed
hat positive ESI-TWIMS-HR-MS can be used for a rapid screening
ethod capable of differentiation between different classes of pro-
yanidins, where IMS  offered the benefit of resolving interference
rom multiply charged ions [216].
Although the ion filtering characteristics of FAIMS/DMS plat-
orms are well recognised, time-dispersive platforms also provide
leaner mass spectra following filtering according to arrival time,
hich can translate into lower limits of detection (LODs) [89]. For
xample, Fenclova et al. studied silymarin flavonolignans in milk
histle extracts, and noted that compared to the traditional LC-
TOF quantitative data, the LC-DTIMS-qTOF quantitative approach
emonstrated an extended linear range, lower detection limits and
otal separation of analytes of interest from interferences [205].
IMS  has also found application in the analysis of plant pigments,
ncluding anthocyanins [210,211] and carotenoids [174,219]. Cor-
nti et al. used IMS  in combination with IR multiple photon
issociation (IRMPD) to investigate the differentiation of the antho-
yanin epimers cyanidin 3-O-glucoside and –galactoside [210].
Although  not strictly natural products, a relevant study by
halet et al. utilised RP-UHPLC-TWIMS-HR-MS to study the phase
I metabolites of flavonoids, where IMS  was found to be benefi-
ial in the separation of positional isomers of flavonol and flavone
etabolites [220].
Somewhat  surprisingly considering their importance as drug
eads, since an early report in 2011 [126], IMS  has found relatively
imited application in the analysis of alkaloids [221–224]. Chung
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to multiple reaction monitoring (MRM)  transitions for the analysis
of pyrrolizidine alkaloids and their N-oxides, although incorpora-
tion of IMS  was found to decrease sensitivity [224]. Purves et al.
used FAIMS-MS with methanol as gas modifier for the rapid sep-
aration and quantification of the pyrimidine glycosides vicine and
convicine in faba beans [222]. The authors note that in the absence
of FAIMS, the selective reaction monitoring (SRM) transitions of
the 13C isotopologue of vicine interferes with the shared transi-
tions of convicine, which adversely affects quantification of the
latter [222].
Ginsenosides, as important biological compounds in ginseng
and key ingredient of traditional Chinese medicine (TCM), have
been the focus of several studies. For example, using an untar-
geted UHPLC-IMS-HR-MS approach, Jia and co-workers were able
to distinguish the flower buds of three Panax species (P. gin-
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ealth  effects [225]. The authors identified 32 ginsenoside (ginseng
aponins) markers suitable for this purpose. TWCCSN2 values proved
seful, using an in-house ginsenoside library, in the assignment
f isomeric species involved in the differentiation of congeneric
pecies. Chen and co-workers used FAIMS-MS/MS with 1-propanol
s gas modifier as a rapid method to differentiate between Asian
nd American ginseng based on their profiles of ginsenoside
somers [226]. Zhang et al. developed a time-decoupled two-
imensional LC method hyphenated to TWIMS-HR-MS(/MS) which
llowed them to report the detection of 201 ginsenosides in white
nd red ginseng samples [227]. In this study, IMS  allowed the
eparation of ten pairs of isobaric ginsenosides which co-eluted fol-
owing the two-dimensional separation. Subsequently, Zuo et al.
sed an off-line 2-D HILIC + RP-UHPLC method hyphenated to
WIMS-HR-MS and an in-house library to identify 323 ginsenosides
n red and white ginseng [228]. Decroo et al. evaluated the utility of
bolites in natural product research (2015–2020) [271–274].
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Table 1 (Continued)
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LC-TWIMS-HR-MS for the assignment of mono- and bidesmosidic
saponins in plant and animal sources [123].
IMS  has also found application in the analysis of volatile natu-
ral products of plant origin. One interesting application of IMS  is
in the analysis of volatile organic compounds (VOCs) for the detec-
tion/monitoring of bacterial infection in plant tissue [193,229,230].
For example, citrus greening disease (called Huanglongbing, HLB)
caused by the bacterium Candidatus Liberibacter is hard to detect,
since infected plants remain asymptomatic, whereas GC–MS and
GC-DMS may  be used to detect infected trees based on their VOC
profiles. The GC-DMS methodology has been adapted for VOC anal-
ysis in enclosed branches such as in greenhouses [193].
Analysis of VOCs is also important in natural product-derived
foods, and here IMS  has also been applied. For example, Gloess
et al. used DTIMS-TOF-MS connected via a corona discharge ion-
isation source to the exhaust gas outlet of a coffee roaster to follow
the evolution of VOCs during coffee roasting [231]. In this system,
the corona ionisation source provides both positive and negative
ionisation, while IMS  offered the resolution of several isobaric
VOCs. Headspace (HS)-GC-IMS, typically performed on a commer-
cial DTIMS instrument equipped with a tritium source, has found
extensive application in food analysis, including pine mushrooms
[184], jujube fruits during cold storage [186], chilli peppers dur-
ing hot air drying [191], Citri reticulatae pericarpium [192], rice
[195], essential oils [232], honey adulteration [185,187,188,200]
and kumquats [183]. Many studies utilising IMS  have focused on the
analysis of olive oils, either using direct IMS  analysis [233], or more
commonly HS-GC-IMS [185,201,234,235], or recently ESI-DMA-
MS to determine polar non-volatile constituents for classification
purposes [194]. Applications reported include detection of adul-
teration [185,233], for classification purposes [201,202,235] and to
study the shelf life [234]. Most of these studies use isothermal GC
separations, although Gerhardt et al. reported a prototype temper-
ature programming system to benefit from the superior resolving
power for fingerprinting [196] and classification [202] purposes. A
derivative of this approach is to use multi-capillary column (MCC)
GC. HS-MCC-GC-IMS has similarly found application in the analysis
of VOCs in goat cheese [182].
A number of recent papers dealt with cannabis analysis by IMS
[42,236–239], where a particular focus has been on the use of IMS
as a fast screening method for tetrahydrocannabinol (THC) and
cannabidiol (CBD) [236,237].
Terpenoids  are another important class of plant natural prod-
ucts which have benefited from the application of IMS, for example
the analysis of lanostane-type triterpene acids by UHPLC-IMS-MSE
using an in-house constructed MS  and IMS  database [240], and the
analysis of terpenes in essential oils using HS-GC-IMS [232].
Many  plant secondary metabolites occur as isomeric pairs
in nature. For instance, hydroxycinnamic acids commonly found
in many plants are synthesized in the trans- configuration via
the phenylpropanoid pathway [241], but readily convert to their
cis-forms when exposed to UV-light, complicating their chro-
matographic analysis [43,242–244]. The latter geometrical isomers
occur in low quantities and were thus considered to be biologically
insignificant [241]. Some studies have noted, however, the pres-
ence of cis-isomers in plant tissues that have been exposed to solar
UV radiation [245], and the natural occurrence of these geomet-
rical isomers has also been highlighted [246]. This has prompted
inquiry into the biological importance of cis-isomers, with signif-
icant bioactivity being attributed to the cis-forms [243,247,248].
The identification of these geometrical compounds using MS  has
proven to be challenging as they produce identical tandem MS
spectra. Zheng et al. showed how a direct SLIM IMS-MS platform
could be used to distinguish between the four geometrical isomers
of 3,5-dicaffeolyquinic acid [249], a phytochemical which exhibits
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our isomers were previously shown to interact differently with
he HIV-1 integrase enzyme [247]. The authors compared experi-
ental DTCCSN2 values with the theoretical CCSN2 for each cis/trans
somer, which allowed the photo-isomerisation process of 3,5-
icaffeolyquinic acid to be monitored, providing insight into the
someric conversion pathway [249]. Accurate CCS prediction for
ndividual molecules however requires significant computational
esources. Gonzales et al. used a machine-learning approach using
arious molecular descriptors to develop models for the prediction
f CCS values of 56 deprotonated phenolics, including positional
somers [250]. Compared to conventional trajectory method (TM)
alculations, the proposed methods were rapid and computation-
lly less expensive, enabling their facile integration into metabolite
dentification steps without compromising predictive strength
250].
The rapid discrimination of isomers is clearly of significant inter-
st in natural product analysis. IMS-MS is increasingly being used
or this purpose in a range of fields [47], also in natural products,
oth for screening and quality control and authentication of phy-
omedicines and medicinal plants. For instance, McCullagh et al.
iscuss the differentiation of the C-glycosylflavone isomer pairs
rientin/isoorientin and vitexin/isovitexin using a UHPLC-TWIMS-
RMS method [251]. Interestingly, larger differences between
WCCSN2 values of the respective isomer pairs were observed in
egative compared to positive ionisation mode. The method was
sed to quantify the target isomers in Passiflora species [251].
ose and colleagues used UHPLC-TWIMS-HR-MS to distinguish
etween isomeric cannabinoids of Cannabis sativa, which exhibit
ifferent anxiety and psychotic-like symptoms [42]. TWCCSN2 val-
es for the characterised cannabinoid isomers were calculated,
nd the authors note that more isomers could be distinguished
or the hyphenated UHPLC method compared to direct infusion
MS-MS experiments. In a subsequent study the same group con-
rmed the superiority of the UHPLC-IMS-MS approach compared
o GC MS  and GC × GC MS  for the analysis of cannabinoid iso-
ers [238]. Another example can be found in Stevia rebaudiana,
 well-known source of steviol glycosides, which are non-caloric
weeteners added to food commodities to influence the sweet-
ess and bitterness of the product [252]. Multiple isomeric steviol
lycosides often occur in the same product, which complicates
heir analysis for regulatory purposes. McCullagh and co-workers
eveloped a UHPLC-IMS-MS method for the screening of these
ompounds [124], where the incorporation of IMS showed clear
enefits in terms of resolving isomeric pairs and co-eluting com-
ounds. A TWCCSN2 library of steviol glycosides was  developed and
pplied for the screening of 55 food commodities.
Some plant secondary metabolite classes exist as both regio-
nd stereoisomers, such as the triterpenoid saponins. Colson et al.
emonstrated how TWIMS  could be used to differentiate regio-
nd stereoisomers of the escin family of saponins found in horse
hestnut seeds [253]. UHPLC-TWIMS-MS on a commercial system
rovided separation of the four target escin/isoescin 1 isomers,
hose subtle structural differences resulted in virtually identical
rrival time distributions and CCS values [253]. Subsequent use
f a high resolution cyclic TWIMS  (cTWIMS) instrument provid-
ng Rp of ∼250 (CCS/CCS) allowed partial separation of these
somers in infusion mode, while isolation of parent ions followed
y judicious fragmentation in the trap and/or transfer IMS  optics
llowed confirmation of isomer identity [253]. Venter et al. showed
n two  reports how complementary hydrophilic interaction chro-
atography (HILIC) and reversed phase liquid chromatography
RP-LC) chromatographic separations hyphenated to TWIMS-HR-S allows detailed analysis of mixtures of hydrolysable tannins
ellagitannins and gallotannins) [213,214]. These compounds com-
rise an inordinately large number of positional and stereoisomers,
nd the authors report that IMS  proved especially useful in filtering
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positional isomers, especially since arrival times increased with the number of depsi
for HILIC and RP LC are shown in d) and e) and example UV spectra of isomers are
mass spectral data according to arrival time to facilitate compound
assignment. Furthermore, IMS  allowed differentiation of several
ellagitannin conformers/tautomers [213] and proved useful in dis-
tinguishing between positional gallotannin isomers (Fig. 5) [214].
In  general, small molecule regioisomers are readily resolved by
commercial IMS-MS instruments, while stereoisomers are more
challenging and typically require an IMS  resolving power > 300
to separate isomers exhibiting an ∼0.4 % cross sectional differ-
ence (i.e. at the performance limit of current IMS  instrumentation)
[135]. The separation of enantiomers, with differences in CCS in
the region of 0.1 %, requires the introduction of chiral selectors to
form ion complexes [254,255]. This emphasises the importance of
chromatographic separations in combination with IMS-MS for the
resolution of complex isomeric mixtures [62,135,253].
In the context of isomer separation, the formation of pro-
totropic ions (or tautomeric anions in negative ionisation mode),
which differ in the position of the charged functional group
[156,157,205,256,257] may  hamper IMS  data analysis and lead to
incorrect assignments [92]. Indeed, several studies have reported
the occurrence of prototropic/tautomeric ions in the analysis of
phenolic natural products by IMS  [205,207,213,214,256,258]. An
example is presented in Fig. 6, where deprotonated tautomers of 3-
and 5-p-coumaroyl-O-quinic acid are detected by UHPLC-TWIMS-
MS. These likely correspond to the carboxylate and phenoxide ions,
respectively, but could be mistaken for co-eluting isomers. The phe-
noxide ion has been shown to have a higher mobility than the
carboxylate ion for p-hydroxybenzoic acid [157], pointing to the
ion detected at the shorter arrival time in Fig. 6 likely correspond-
ing to the phenoxide tautomer. The detection of these ‘isomers’





11tagalloylquinic acid derivatives in tara. IMS  proved essential in the assignment of
nds. The extracted ion arrival time plot is shown in c), extracted ion chromatograms
n in f-h). Reprinted with permission from [214].
onditions,  IMS  temperature, etc.) [92]. In a detailed study of this
henomenon, Xia and Attygalle note that ESI source conditions
uch as the probe spatial position, capillary voltage, desolvation
as temperature, and cone voltage all have an effect on the relative
bundance of the phenoxide/carboxylate ions of p-hydroxybenzoic
cid [157]. An increase in the capillary voltage, desolvation gas
emperature, and cone voltage favoured the abundance of the
henoxide species, whereas proximity of the ESI capillary to the
ntrance-cone increases the abundance of the carboxylate species.
For highly complex plant extracts, multidimensional chromato-
raphic methods are increasingly being used because of their
xceptional resolving power. The hyphenation of multidimensional
hromatographic methods to IMS-MS therefore provides an even
ore powerful separation method. The first work in this area, by
chmitz and co-workers [259], involved a continuous heartcut-
ing 2D-LC method hyphenated to DTIMS-MS for the analysis of
 Ginkgo biloba extract. Zhang et al. subsequently used a similar
pproach with TWIMS  for the analysis of ginsenosides [227]. In our
roup a comprehensive three-dimensional HILIC × RP-UHPLC ×
MS-HR-MS system was  evaluated for the detailed characterisation
f complex phenolic fractions [69]. The benefits of incorporat-
ng IMS  in such a configuration include increased MS  sensitivity
or a certain mass range, improved mass-spectral data quality,
nd an increase in effective peak capacity by a factor 13 [69].
n a related study, Donato et al. coupled comprehensive two-
imensional supercritical fluid chromatography (SFC)×RP-UHPLC
ith IMS-HR-MS and demonstrated the utility of the approach for
he analysis of carotenoids in chilli pepper, where IMS  offered reso-
ution of cis/trans geometric isomers [174]. A novel approach based
n the first hyphenation of 2-D GC (in multiple heartcutting mode
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Stellenbosch University  https://scholar.sun.ac.zaeluting  peak) detected in Protea leaf tissue by UHPLC-TWIMS-HR-MS. Bottom: A
compounds, with the carboxylate ions (later arrival time ∼ 60 bins) for both comp
from [258].
using a modulation time of 20 s) through atmospheric pressure
chemical ionisation (APCI) to DTIMS-QTOF-MS was reported by
Lipok et al. for the analysis of medicinal herbs [175]. In another
study, isobaric ginsenosides which were observed to co-elute by
time-decoupled 2D-UHPLC-HR-MS were resolved when IMS  was
added [227].
An  interesting application of IMS  is in its incorporation into mass
spectrometry imaging (MSI) by laser ablation electrospray ionisa-
tion (LAESI) [260]. Li et al. showed how the additional separation
offered by IMS  reduced chemical interference and improves the
detection of isobaric compounds, including flavonoids, in Pelargo-
nium peltatum leaves [261]. A similar conclusion was  reached by
Stopka et al. in their use of LAESI-IMS-MS to study the metabo-
lites involved in the symbiotic interactions between soybean
roots and rhizobia [262]. A unique application of IMS  in natu-
ral product analysis is found in the work of Claude et al., who
reported a high performance thin layer chromatography (HPTLC)
method combined with desorption electrospray ionisation (DESI)
and TWIMS-MS for the detection of plant ecdysteroids in members
of the Silene plant family [263]. Akin to column chromatographic-
MS methods, IMS  was found to be beneficial in resolving isobaric
species not separated by HPTLC in this case.
As alluded to in Section 2, the use of CCS libraries is gaining
traction to facilitate compound identification; this applies in nat-
ural product analysis too. A good example of the use of DTIMS in
combination with positive and negative ionisation for compound
annotation can be found in a study by Causon et al., who derived
DTCCSN2 values for putative identification of red wine phenolics for
fingerprinting purposes [120]. Stark and co-workers established
a database for the identification of natural products in Garcinia
species by the UHPLC-TWIMS-HR-MS analysis of 34 reference com-
pounds [177]. This allowed them to identify compounds based
on retention time, accurate mass data for precursor and fragment
ions, and CCS values – the latter showed excellent reproducibil-
ity. These authors also noted multiple arrival time distributions
for several species, which were assigned to rotational isomers, and
proposed the intensity ratio of these conformers as an additional
identification criterion to reduce false positive identifications. TIMS
has also been used for this purpose by Schroeder et al., who
constructed a TIMSCCSN2 library containing 146 plant metabolites
using UHPLC-TIMS-HR-MS/MS [151]. These authors demonstrated
that TIMSCCSN2 values were characterised by an exceptional repro-
DTducibility. Zheng et al. directly measured CCSN2 values for 500
small molecules, including primary and secondary metabolites and
xenobiotics [166], to construct a DTCCSN2 value library to match





12time vs. retention time plot showing the detection of tautomeric ions for both
s being favoured under the experimental conditions. Source: supplementary data
hen  used in combination with retention time and exact mass
ata.
.2. Microbial secondary metabolites
Bacteria, plants, and (to a lesser extent) marine organisms are
mportant sources of pharmaceutical products. An early example
f the application of IMS  in marine natural product analysis may
e found in the work of Esquenazi et al., who used TWIMS-MS for
he characterisation of halogenated metabolites from three species
f Lyngbya, cyanobacteria identified as prolific producers of bioac-
ive metabolites [121]. ESI-TWIMS-MS was used for the analysis
f crude extracts, where mass-mobility trendlines proved useful
n distinguishing natural products of varying degrees of halogena-
ion. Furthermore, MALDI imaging in combination with TWIMS-MS
as used to visualise the location of selected metabolites in fila-
ents of L. majuscule [121]. The high throughput benefit of IMS for
atural product analysis was  recently highlighted by Carlson and
o-workers, who  used TWIMS  to separate the prodiginines strep-
orubin B, butylcycloheptylprodigiosin and metacycloprodigiosin,
nd highlighted the potential of the technique in this field [264].
As  noted previously, IMS-MS is increasingly being used in food
cience [89], also in food safety applications [88]. One important
ood safety analysis is the determination of mycotoxins - glob-
lly, mycotoxin residue analysis is important for food safety and
rade. Mycotoxins are toxic secondary fungal metabolites often
ound in important human crops. Several groups have explored
he utility of IMS  in mycotoxin detection [164,265,266]. Upon
nfection of the host organism, mycotoxins undergo chemical mod-
fications leading to a range of possible derived products. These
odification pose a challenge in routine LC-MS analyses due to the
ack of standards, which may lead to the underestimation of the
otal mycotoxin content [265]. IMS  has been shown to offer sev-
ral benefits for the analysis of such modified mycotoxins [265].
ighetti and co-workers reported an ion mobility-derived myco-
oxin database [164] containing more than 100 TWCCSN2 values
easured for different adducts in both positive and negative ionisa-
ion modes. The reproducibility of the TWCCSN2 values was  good for
oth LC-TWIMS-MS and direct infusion-TWIMS-MS, although val-
es were noticeably smaller than literature DTCCSN2 values, likely
ue to the limitations of the TWIMS  calibration using poly-alanine
iscussed in Section 2. The same group subsequently used UHPLC-
TIMS-HR-MS to study mycotoxin metabolites [266]. In a study
y Erler et al., the analysis of volatile metabolites of 10 fungus
pecies using HS-GC-APCI-IMS and HS-GC-APCI-MS was  proposed
o detect potential fungus contamination (i.e. an indirect method to
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with  permission from [119].
identify potential mycotoxin contamination) [190]. APCI-IMS anal-
ysis showed differences in VOC distributions across fungus species
belonging to different genera. The authors note that 92 % of the
peaks detected using APCI-MS were also detected using a hand-
held APCI-IMS instrument, which holds promise for potential onsite
detection of fungus contamination. In the context of toxin analysis
by IMS, Poyer et al. reported a HILIC-TWIMS-HR-MS method for the
determination of the potent neurotoxin saxitoxin analogues pro-
duced by dinoflagellates and cyanobacteria, where HILIC provided
separation of isomers, while non-sulphated analogous were differ-
entiated by IMS-MS [267]. In a related study, Beach and co-workers
used HILIC-FAIMS-MS/MS for the detection of the neurotoxin -N-
methylamino-l-alanine (BMAA) [268]. The method was  applied to
the detection of BMAA in cycad plant tissue, a cyanobacterial refer-
ence material, and mussel tissues, and the quantitative capabilities
of the HILIC-FAIMS-MS/MS for the quantification of BMAA were
demonstrated. Mittermeier and co-workers also reported a quan-
titative UHPLC-FAIMS-MS/MS method for the accurate quantitative
determination of kokumi-enhancing octadecadien-12-ynoic acids
in mushrooms [269].
Pacini  et al. used a UHPLC-UV-TWIMS-MS method for the analy-
sis of microalgae pigments, including carotenoids, chlorophylls and





13plementary information obtained by UV, TWIMS  and HR-MS detection. Reprinted
n  the UHPLC-UV-TWIM-MS profiles (Fig. 7), while TWIMS  allowed
esolution of five co-eluting 5 isobaric pigments.
The application of IMS  for rapid microbial detection can be bene-
cial for the early diagnosis of infection [189,197,270]. At the point
f infection suspicion, a broad-spectrum antibiotic therapy is often
rescribed due to the lack of knowledge of the particular pathogen
270]; only after 2–4 days following microbiological diagnosis can a
arrow-spectrum therapy be prescribed. Early pathogen detection
s clearly essential for the early initiation of appropriate therapy.
ocos-Bintintan et al., extending previous work in this area [197],
sed a miniaturised sensor array incorporating aspiration IMS (a-
AIMS), metal oxide, semiconductor and a field effect transistor
FET) sensors (Fig. 8A) to discriminate between three bacterial
trains, namely Escherichia coli, Bacillus subtilis and Staphylococ-
us aureus, by detecting their emitted volatile metabolites at three
ncubation time stages (24, 48 and 72 h after the start of the incu-
ation cycle) [189]. To discriminate between the bacterial strains
sing only the a-IMS data, a supervised data analysis model (par-
ial least squares–discriminant analysis (PLS-DA)) was used. The
uthors note differences between the control (growth media) and
he bacterial strains (growth media containing inoculated bacteria)
Fig. 8B), as well as differences between the three bacterial strains
ampled on the same day (Fig. 8C).
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4. IMS  in natural product analysis: advantages, limitations,
and  future directions
The  field of IMS  has experienced extraordinary growth in the
last decade, resulting in a rapid increase in the number of appli-
cations of the technique for complex sample analysis. That this
situation is, albeit to a lesser extent, also mirrored in the analysis
of natural products is evident from the reports listed in this review.
This is perhaps not surprising considering the well-publicised ben-
efits of IMS: its speed, compatibility with chromatography and
MS, complementary separation mechanism, and ability to mea-
sure CCS values. Applied in the field of natural product analysis,
the potential for enhanced separation of bioactive isomers and iso-
bars, the option to filter MS  data according to arrival time to provide
improved MS  data, flexibility of operational modes and increased
confidence in metabolite identification are particularly useful. The





14ell as (C) between the bacterial strains, were observed. Reprinted with permission
e an important development with the emergence of reliable CCS
atabases for different compound classes.
Inconsistencies in how IMS  data is acquired and interpreted,
specially in early literature, as well as data and instrumental com-
lexity, cost and differing capabilities represent some hurdles to
esearchers looking to enter the field. Although much emphasis
s placed on the separation performance of IMS, and examples of
ultiple arrival times for co-eluting isobars abound in literature,
t is relevant to note that these occurrences are relatively rare:
or complex samples, by far the majority of analytes are sepa-
ated chromatographically and/or distinguished by MS.  IMS  should
herefore rather be seen as a complementary technique in hyphen-
tion with chromatography-MS for such applications, albeit a very
romising one with few drawbacks. Further work on the incorpora-
ion of IMS  data into widely used data analysis platforms is required
or the technique to gain more widespread acceptance in natural
roduct analysis, although ongoing developments in this area are
Stellenbosch University  https://scholar.sun.ac.zaK. Masike, M.A. Stander and A. de Villiers 
promising. The quantitative capabilities of IMS  have received little
attention in natural product analysis, and is therefore another area
requiring further exploration.
Reviewing  the papers listed in Table 1 shows that by far the
majority of IMS  applications to natural product analysis during the
last six years used commercial DTIMS and TWIMS  instruments (∼42
and 45 %, respectively), and the major application areas are in the
analysis of phenolics and food-related volatiles. Nevertheless, the
range of instrumentation, analytical methods and target analytes
covered in these works point to the versatility of the technique for
natural product analysis.
It  can reasonably be concluded that IMS  represents an impor-
tant development in the establishment of more powerful analytical
tools for the improved characterisation of natural products, and as
such its application in this field is expected to grow rapidly in the
near future. Advanced analytical methods incorporating IMS  pro-
vides the tools required to support a revival in natural product drug
discovery.
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